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PREFACE 


This  report  documents  the  derivation  of  a  set  of  equations  suitable 
for  estimating  the  acquisition  costs  of  aircraft  airframes  in  the  absence 
of  detailed  design  and  manufacturing  information.  In  broad  form,  this 
research  updates  and  extends  the  cost  estimating  relationships  (CERs) 
p\ibli8hed  in  RAND  Report  R-1693-t-PA&E,  Parametric  Equations  for 
Estimating  Aircraft  Airframe  Costs,  by  J.  P.  Large  et  al.,  Febmary  1976, 
and  used  in  the  RAND  aircraft  cost  model,  DAPCA,  described  in 
R-186i  rR,  A  Computer  Model  for  Estimating  Development  and  Pro¬ 
curement  Costs  of  Aircraft  (DAPCA-III),  by  H.  E.  Boren,  March  1976. 
However,  it  also  draws  on  a  number  of  other  studies— RAND  and 
non-RAND— for  ideas  on  how  the  accuracy  and  reliability  of  airframe 
CERs  might  be  improved. 

In  the  current  effort,  the  A-10,  F-16,  F-16,  F18,  F-101,  and  S-3  have 
been  added  to  the  estimating  sample;*  the  explanatory  power  of  vari  ¬ 
ables  describing  program  structure  and  airframe  construction  charac¬ 
teristics  io  investigated;  and  the  utility  of  dividing  the  estimating  sam¬ 
ple  into  subsamples  representing  major  differences  in  aircraft  type  (e.g., 
fighter,  bomber/transport,  and  attack  aircraft)  is  examined.  Addi¬ 
tionally,  for  the  fighter  subsample,  the  possible  benefit  of  incorporating 
an  objective  technology  measure  into  the  equations  is  investigated. 

To  address  the  issue  of  sample  homogeneity,  each  of  the  subsampies, 
as  well  as  the  full  sample,  had  to  be  investigated  in  detail,  with  the 
ultimate  goal  of  developing  a  representative  set  of  CERs  for  each.  This 
report  summarizes  the  results  of  these  individual  analyses.  Detailed 
results  are  available  in  a  aeries  of  four  companion  RAND  Notes; 

Aircraft  Airframe  Cost  Estimating  Relationships:  All  Mission 
Types,  N-228lVi-AF,  by  R.  W.  Hess  and  H.  P,  Romanoff, 
December  19H7. 

Aircraft  Airframe  Cost  Estimating  Relationships:  Fighters, 
N-2283/2-AF,  by  R.  W.  Hess  and  H.  P.  Romanoff,  December 
1987. 


'AIho,  the  F-Sii,  F-89.  am)  F:tD,  whicli  wura  droppi'd  from  th«  prL'vio\iH 
Httiiiple  (DAPCA-lll),  wprti  reintroduced. 
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Aircraft  Airframe  Cost  Estimating  Relationships;  Bombers  and 
Transports,  N-2283/3-AF,  by  R,.  W.  Hess  and  H.  P.  Romanoff, 
December  1987. 

Aircraft  Airframe  Cost  Estimating  Relationships;  Attack  Aircraft, 
N-2283/4-AF,  by  R.  W.  Hess  and  H.  P.  Romanoff,  December 
1987. 

This  research  was  undertaken  as  part  of  the  Project  AIR  FORCE 
project  entitled  “Cost  Analysis  Methods  for  Air  Force  Systems,”  which 
has  since  been  superseded  by  “Air  Force  Resource  and  Financial 
Management  Issues  for  the  19808”  in  RAND’s  Resource  Management 
Program. 

While  this  report  was  in  preparation,  Lt.  Col.  H.  P.  Romanoff, 
USAF,  was  on  duty  in  the  System  Sciences  Department  of  The  RAND 
Corporation.  At  present,  he  is  with  the  Directorate  of  Advanced  Pro¬ 
grams  in  the  Office  of  the  Assistant  Secretary  of  the  Air  Force  for 
Acquisition. 


SUMMARY 


This  report  presents  generalized  equations  for  estimating  the 
development  and  production  costs  of  aircraft  airframes.  It  provides 
separate  cost  estimating  relationships  (CERs)  for  engineering,  tooling, 
manufacturing  labor,  and  quality -control  hours;  manufacturing 
material,  development  support,  and  flight-test  coat;  and  total  program 
cost.  The  CERs,  expressed  in  the  form  of  exponei  oial  equations,  were 
derived  by  multiple  least-squares  regression  analysis.  They  were 
derived  from  a  database  consisting  of  34  military  aircraft  with  first 
flight  dates  ranging  from  1948  to  1978.  Most  of  the  aircraft  technical 
data  were  obtained  from  either  original  engineering  documents  such  as 
manufacturers’  performance  substantiation  reports,  or  from  official  Air 
Force  and  Navy  documents.  The  cost  data  were  obtained  from  the  air¬ 
frame  manufacturers,  either  directly  from  their  records  or  indirectly 
through  standard  Department  of  Defense  reports  such  as  the  Contrac¬ 
tor  Cost  Data  Reporting  system. 

The  equation  set  that  we  feel  will  most  accurately  reflect  the  range 
of  estimating  situations  likely  to  be  encountered  in  the  future  utilizes 
empty  weight  and  speed  as  the  basic  size/performance  variable  combi¬ 
nation.  It  is  based  on  a  subsample  of  the  full  sample  consisting  of  13 
po8t-1960  aircraft.  We  concluded  that  the  more  limited  post-1960 
experience  would  be  u  better  guide  to  the  future  than  the  cumulative 
34 -aircraft  experience  dating  back  to  1948. 

Empty  weights  for  the  po8t-1960  sample  aircraft  range  from  under 
10,000  lb  to  over  300,000  lb,  while  speeds  range  from  400  kn  to  over 
1,250  kn.  The  standard  errors  of  estimate  of  the  CERs  in  the  recom¬ 
mended  set  vary  significantly.  Four  of  the  CERs  (tooling,  manufactur¬ 
ing  labor,  manufacturing  material,  and  total  program  cost)  have  stan¬ 
dard  errors  of  about  0.30*  (-26,  +35  percent),  while  three  (engineering, 
development  support,  and  flight  test)  have  standard  errors  of  about 
0.60  (-39,  +65  percent)  or  more.  None  of  the  equations  meets  our 
standard-error-of -estimate  goal  of  0.18  (-16,  +20  percent).  On  the 
other  hand,  the  lowest  standard  errors  of  estimate  in  the  set  are  associ¬ 
ated  with  tooling,  labor,  and  material — elements  that  typically  account 
for  65  to  70  percent  of  total  program  cost  at  an  aircraft  production 
quantity  of  100. 

'All  Blandard  errors  of  estinmte  ute  nriginall.v  cupressod  ii\  logiirithmio  form; 
equivaloni.  poroenliigca  of  corresiionding  hour  or  dollar  values  arc  provided  in 
parentheses. 
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The  ultimate  test  of  the  set’s  tasefulness  will  be  its  accuracy  for 
estimating  the  coat  of  future  aircraft.  Unfortunately  (from  an  estimat¬ 
ing  point  of  view),  dramatic  changes  are  taking  place  in  airframe 
materials  (e.g.,  more  extensive  use  of  composites),  design  concepts  (e.g., 
to  increase  fuel  efficiency  and  to  reduce  radar  cross  section),  resources 
devoted  to  system  integration  (e.g.,  integration  of  increasingly  sophisti¬ 
cated  electronics  and  armament  into  the  airframe),  and  manufacturing 
techniques  (e.g.,  utilization  of  computers  and  robots).  And  although  we 
do  not  have  the  data  to  demonstrate  it,  we  believe  that  the  net  effect  of 
these  changes  will  be  to  increase  unit  costs.  In  other  words,  we  see  lit¬ 
tle  danger  that  the  recommended  equation  sot  will  overestimate  the 
costa  of  future  aircraft. 

In  addition  to  the  basic  objective  of  developing  an  updated  set  of  air¬ 
frame  CERb,  this  study  also  examined  in  some  detail  the  following  pos¬ 
sibilities  for  improving  CEU  accuracy; 

•  Stratifying  the  full  estimating  sample  into  subsamples 
representing  major  differences  in  aircraft  type. 

•  Incorporating  variables  describing  program  structure  and  air¬ 
frame  construction  characteristics  into  the  CERs. 

•  For  the  fighter  aircraft  only,  incorporating  an  objective  technol¬ 
ogy  index  into  the  equations. 

We  examined  subsamples  of  aircraft  categorized  by  mission 
designation— fighter,  bomber/tranai)ort,  and  attack--to  evaluate  the 
effects  of  etratificiition,  and  we  concluded  that  this  approach  offers  no 
particular  advantage.  In  fact,  we  wore  not  able  to  identify  any  accept¬ 
able  estimating  relationshqrH  for  either  the  bomher/transport  or  the 
attack  aircraft  subsamples.  For  the  fighter  subsample,  the  etiviation  set 
that  we  felt  was  most  likely  to  be  representative  of  future  fighter  pro¬ 
grams  consisted  of  a  aeries  of  simple  weight-sculing  relationships  that 
were  visually  fit  to  the  subset  of  post- 1960  fighters  (F-4,  F-111,  F-14, 
F-16,  F-16,  and  F-18).  In  general,  this  set  of  equations  will  produce 
higher  estimates  than  the  all-mission-type  equation  set  for  relatively 
light,  "slow”  fighters'^  (e.g.,  the  F-16  and  F-IB)  and  lower  estimates  for 
relatively  heavy,  fast  fighters  (e.g.,  the  F-4,  F-111,  F-14,  and  F-lf)). 
However,  we  found  that  the  fighter  equation  set  was  only  slightly  more 
accurate  overall  than  the  all-miasion-type  set,  despite  its  much  more 
concentrated  focus. 

We  concluded  that  incorporating  variables  describing  program  struc¬ 
ture  and  airframe  construction  characteristics  (ut  least  an  we  hove 
defined  them)  does  not  improve  the  overall  quality  of  the  equation  sets. 


-Under  Much  2. 
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Although  variables  characterizing  the  level  of  system  integration  were 
frequently  found  to  be  statistically  significant,  they  did  not,  ae  a  rule, 
result  in  any  substantial  improvement  in  the  q-  ality  ^f  I’  '  equations. 
In  most  cases,  the  equations  incorporating  such  v,.  hies  did  not  pro¬ 
duce  results  that  we  viewed  as  credible.  Moreover,  even  in  ti.ose  few 
instances  where  the  equations  did  produce  credible  results,  the  i  educ  ¬ 
tion  in  the  standard  error  of  estimate  was  never  more  than  twf'  or 
three  percentage  points. 

Finally,  attempts  to  incorporate  an  objective  technology  index  into 
the  fighter  cost  estimating  relationships  were  unsuccessful. 
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I.  INTRODUCTION 


Parametric  models  for  estimating  aircraft  airframe  acquisition  costs 
have  been  used  extensively  in  advanced  planning  studies  and  contrac¬ 
tor  proposal  validation.  These  models  are  designed  to  be  used  when 
little  is  known  about  an  aircraft  design  or  when  a  readily  applied  va¬ 
lidity  and  consistency  check  of  detailed  cost  estimates'  is  necessary. 
They  require  inputs  that  (a)  will  provide  relatively  accurate  results,  (b) 
are  logically  related  to  cost,  and  (c)  can  easily  be  projected  before 
actual  design  and  development  information  is  available.  Their  purpose 
is  to  generate  estimates  that  include  the  costs  of  program  delays, 
engineering  changes,  data  requirements,  and  all  kinds  of  phenomena 
that  occur  in  a  normal  aircraft  program. 

Since  1966,  RAND  has  developed  three  parametric  airframe  cost 
models.^  Those  models  have  been  characterized  by  (a)  easily  obtain¬ 
able  size  and  performance  inputs  (weight  and  speed),  (b)  the  estimation 
of  costs  at  the  total  airframe  level,  and  (c)  the  utilization  of  hetero¬ 
geneous  aircraft  samples.  They  have  usually  been  updated  when 
enough  additional  aircraft  data  points  have  become  available  to  suggest 
possible  changes  in  the  equations.  In  the  present  model,  the  A-10, 
F-16,  F-16,  F-18,  F-101,  and  S-3  have  been  added  to  the  full  estimating 
sample.'* 

Analysts  at  several  other  companies  have  also  attempted  to  develop 
more  accurate  parametric  models.  Some  of  these  projects  are  listed  in 
Table  1. 

The  models  in  Table  1  vary  somewhat  with  respect  to  specific  pur¬ 
pose,  level  of  detail,  and  sample  size  and  type.'*  Consequently,  before 
undertaking  this  update  of  the  RAND  airframe  equations,  we  reviewed 
each  model  reference  document  for  potential  means  of  improving  accu¬ 
racy.  Three  possibilities  emerged  from  this  review; 

•  Use  of  a  more  homogeneous  sample  such  as  a  single  mission 
type  (o.g.,  fighter,  bomber,  transport,  or  attack  aircraft). 


'Examples  of  this  InUer  iipplieiitioii  Include  the  Imlcpendent  Cnst  Aniilysis  (ICA) 
prepared  as  part  of  the  Defense  Systenin  Acquisition  Review  Couneil  (DSARC)  (irocess. 
and  government  anulyses  of  contrucfor  cost  proposals  durini?  source  selections. 

‘‘‘See  Kefs.  1,  2,  and  11. 

■'In  addition,  the  F-8(i,  F-80,  and  FMI),  wl\ich  were  dropped  from  the  previous  estiniHl- 
ing  sample  (that  of  f)APEA-lIl),  were  reintroduced. 

'A  critique  of  the  HAND,  i’ltC,  Noah,  and  SAI  models  is  Kiven  in  Kef.  1 1. 
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Table  1 

CONTRACTOR  EFFORTS  TO  IMPROVE  PARAMETRIC 
COST  ESTIMATINC  MODELS 


Developer 

Sponsor 

Year 

Ref, 

Planning  Research  Corporation  (PRC) 

OSD 

1967 

4 

J,  Watson  Noiih  Aasociatea 

Navy 

1973 

6 

J,  Watson  Noah  Associates 

Navy 

1077 

6 

Science  Applications,  Inc.  (SAI) 

NASA 

1977 

7 

General  Dynamics  (Convair) 

AF 

1976 

8 

General  Dynamics  (Convair) 

AF 

1977 

9 

Grumman  Aircraft 

AF 

1978 

10 

•  Incorporation  of  an  objective  technology  index  into  the  cost 
estimating  relationships  (CERs). 

•  Incorporation  of  construction  and  program  characteristics  into 
the  CERs  (e.g.,  wing  typo,  internal  density,  contractor  experi¬ 
ence,  type  of  development  program). 

We  investigated  each  of  these  approaches  to  determine  its  potential 
utility  for  developing  a  set®  of  equations  for  estimating  airframe  costs. 
The  rationale  for  each  approach  is  discussed  below. 


POSSIBLE  APPROACHES  FOR  IMPROVING 
MODEL  ACCURACY 

Sample  Homogeneity 

Other  things  being  equal,  it  is  clearly  preferable  to  work  with  a 
homogeneous  sample  rather  than  one  that  contains  diverse  and 
perhaps  misleading  data  points.  The  difficulty  in  developing  such  a 
sample  for  military  aircraft  arises  in  defining  sets  of  characteristics 
that  are  capable  of  classifying  these  aircraft  in  terms  that  bear  some 
rational  relationship  io  cost.  This  study  was  based  on  a  fairly  straight¬ 
forward  method  for  stratification,  mission  designation  (i.e.,  attack, 
bomber/transport,  and  fighter).  Generally  speaking,  fighters  tend  to  be 
smaller,  faster,  and  more  maneuverable  than  other  types  of  mission  air¬ 
craft.  Attack  aircraft,  on  the  other  hand,  ter.d  to  ba  larger,  slower,  and 
less  maneuverable,  because  of  greater  emphasis  on  range/payload  per¬ 
formance,  Finally,  bomber/transport  aircraft  tend  to  be  the  largest, 
slowest,  and  least  maneuverable  of  the  aircraft  types. 

^'A  set  encnmi)BHB«B  the  fnllowinx  cost  elements:  englneerinK,  toiiliriK.  iimnuracluriiix 
labor,  munufaoturint!  material,  development  support,  flislul.  test,  and  tiuality  control, 
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This  type  of  classification  does  result  in  anomalies.  For  example,  a 
fighter  may  be  larger  than  a  bomber  (F-111  airframe  unit  weight 
exceeds  B-68  airframe  unit  weight),  and  a  bomber  may  be  faster  than  a 
fighter  (B-68  speed  exceeds  P-102  speed).  Furthermore,  the  missions 
of  two  aircraft  with  the  same  designation  can  be  quite  dissimilar;  for 
example,  while  the  primary  mission  of  most  fighters  is  air-to-air,  the 
primary  mission  of  some,  such  as  the  F-105  and  F-111,  is  air-to-ground, 
which  may  in  fact  make  them  more  akin  to  attack  aircraft  than 
fighters.  Unfortunately,  these  definitional  difficulties  are  not  easily 
rectified  (the  more  restrictive,  or  pure,  the  definition,  the  smaller  the 
sample  size).  They  are  noted  here  only  to  illustrate  that  such  problems 
do  exist. 

Technology  Index 

Previous  RAND  analyses  have  suggested  that  the  relative  accuracy 
of  acquisition  cost  and  schedule  estimates  made  at  the  beginning  of 
major  weapon  system  development  programs  is  at  least  partially  influ¬ 
enced  by  the  degree  of  technological  advance  being  sought.'*  As  a  first 
step  toward  a  better  understanding  of  this  relationship,  a  technique 
was  developed  for  objectively  quantifying  the  technological  state  of  the 
art  of  one  particular  type  of  system,  aircraft  turbine  engines,^  Subse¬ 
quent  analysis  established  a  functional  relationship  between  the  tech¬ 
nology  embodied  in  engine  designs  and  their  acquisition  costs,  resulting 
in  improved  CERs  for  aircraft  turbine  engines,** 

More  recent  work  has  attempted  to  quantify  the  technological 
change  in  U.S.  jet  tighter  aircraft.”  An  expression  was  developed  that 
related  the  time  of  appearance  of  an  aircraft  design  to  its  level  of  per¬ 
formance,  which  is  interpreted  as  a  measure  of  its  level  of  technological 
sophistication.'”  The  expression,  which  includes  specific  power,  the 
Breguet  range  factor,  sustained  load  factor,  fuel  fraction,  and  a 
carrier-capability  designator,  is  illustrated  in  P’ig.  1,  where: 

The  vertical  axis  measures  the  first  flight  date  calculated  by  inserting 
aircraft  performance  parameters  in  the  technologj'  equation  and  the 
horizontal  axis  measures  the  actual  first  flight  date  for  each  aircraft. 

The  distribution  of  the  26  data  points  about  the  46  degree  lire 

"See  Refa.  12  and  13. 

^See  Ref.  14. 

**8ee  Refs.  16  and  16. 

“See  Ref,  17. 

addition  to  the  technuloBy  index  iUelf,  unulhor  bonefil  of  the  technology  study  to 
this  analysis  was  the  Identification  of  several  individual  explanatory  variables  which  had 
not  previously  been  tested  for  significance  in  airframe  coat  equations. 


Calculated  first  flight  date  (year) 
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ln(t)  -  U.riSO  I  .(IRO 


Thrust  V„„„ 

ran^v 

-  SuHtnined  - 

1  1.708 

irtclor 

1  \.m 

load  factor 

10()W,,,„ 

10.000 

. Vo . 

■I 


'rotnl 

fu«l 

fraction 


,1U8 


Carrier 

capability 


NOTE:  t  "  calculated  flrat  llluht  data  menaurod  in  monlliH  since  Jummry  1,  1040. 
Thrust  measured  in  pounda,  V,„,„  in  knota,  combat  weight  in  pounda.  Carrier  cnpobllity 
variable;  1  denotea  no  capability,  0  denotes  capability. 


Fig.  1— Multivariate  technology  trend  for  new  tighter  designs 
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provides  one  meaeure  of  how  well  the  equation  fits  the  data  sample, 
Points  plotted  above  the  46  degree  line  represent  aircraft  that  flew 
earlier  than  the  date  predicted  by  the  equation,  and  the  converse 
holds  for  points  plotted  below  the  line.  The  magnitude  and  sign  of 
the  residual  of  the  technology  equation  determine  where  a  particular 
aircraft  point  falls  relative  to  the  45  degree  trend  line,  with  the  resi¬ 
dual  representing  all  the  unquantiflable  factors  thot  influence  when 
the  first  flight  of  an  aircraft  occurs,  including  technological  factors 
not  covered  by  the  independent  variable  parameter  set,  scheduling 
decisions.  Congressional  and  service  funding  decisions,  development 
philosophy,  etc.  Accordingly,  one  should  interpret  the  results  from 
the  equation  only  as  a  gross  indication  of  average  technological 
trends  in  fighter  aircraft  development,  remembering  that  other  fac¬ 
tors  can  also  influence  the  time  at  which  a  particular  level  of  technol¬ 
ogy  becomes  available.” 

This  index  was  developed  only  for  fighters.  Consequently,  this 
approach  was  tested  only  with  the  fighter  subsample. 

Program/Construotion  Characteristics 

The  developers  of  the  previous  RAND  airframe  cost  model  con> 
eluded:  “It  may  be  time  for  a  change  in  direction.  .  .  .  (The]  use  of  a 
parametric  model  implies  a  belief  that  all  programs  will  have  neither 
more  nor  less  than  their  share  of  problems,  yet  we  know  that  some 
programs  are  plagued  with  problems  that  are  not  a  function  of  aircraft 
characteristics.  It  might  be  productive  to  examine  the  itifluence  of 
what  might  be  called  program  characteristics  on  program  cost.”’'® 

Following  this  recommendation,  we  investigated  several  program 
variables,  including  the  maximum  tooling  capability,  currency  of  con¬ 
tractor  experience  with  similtu’  airframes,  engine  status  (new  or  “off- 
the-ahelf'  engine),  degree  of  weapon  system  integration  (emphasis  on 
sophisticated  fire  control  systems  and  iniBsiles  rather  than  guns),  and 
the  type  of  development  program  (prototype  or  concurrent).  This 
study  in  no  way  represents  an  exhaustive  examination  of  the  program 
variables,  however.  We  were  unable  to  consider  such  things  as  the 
effect  of  8ched\ale  on  cost.,  the  financial  condition  of  the  contractor, 
local  economic  conditions,  and  possible  complementarities  among  the 
various  development  and  production  processes. 

Additionally,  us  a  result  of  suggestions  by  individuals  witliin  the  air¬ 
craft  industry,  we  investignied  several  vttrittl)les  related  primarily  to 
airframe  construction,  including  the  design  ultimate  load  factor,  wing 
type,  structural  efficiency,  internal  density,  and  currier  capability. 

"Her.  17,  p,  '21. 

'••Si'e  Kcl',  ;i,  |),  fill. 
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REPORT  ORGANIZATION 

Section  II  describes  the  study  data  elements— the  aircraft  in  the 
estimating  sample,  the  cost  categories  for  which  estimating  relation¬ 
ships  are  being  developed,  and  the  potential  explanatory  variables. 
Section  III  provides  an  overview  of  how  the  cost  data  and  aircraft 
characteristics  vary  by  mission  type  and  over  time.  Section  IV  sum¬ 
marizes  the  general  approach,  including  a  discussion  of  the  variable 
combinations  selected  for  analysis  and  the  statistical  methods 
employed.  Sections  V,  VI,  VII,  and  VIII  present  results  of  the  analyses 
of  the  full  estimating  sample,  the  fighter  subsample,  the 
bomber/transport  subsample,  and  the  attack  aircraft  subsample, 
respectively.  Section  IX  summarizes  the  main  findings  of  the  study 
and  suggests  possible  future  courses  of  action. 

Appendix  A  contains  cost-element  definitions  and  cost/airframe  unit 
weight  plots,  and  Appendix  B  contains  explanatory  variable  definitions 
and  values.  Appendix  C  summarizes  the  most  recent  set  of  RAND- 
developed  airframe  CERs  (DAPCA-III).  Finally,  Appendix  D  provides 
typical  cost-quantity  slopes  and  labor  costs  that  are  suggested  for  use 
with  the  recommended  set  of  CERs. 


11.  DATA  ELEMENTS 


ESTIMATING  SAMPLE 

The  full  estimating  sample  consists  of  the  following  34  “new- 
design”  aircraft:' 


Model 

First  Flight 
Date 

Model 

First  Flight 
Dato^ 

A-3 

1953 

F-4 

1961 

A-4 

19G4 

F-14 

1971) 

A-6 

1968 

F-16 

1972 

A-6 

1980 

F-16 

1976 

A-7 

1966 

F-18 

1978 

A- 10 

1974 

F-86 

1948 

H-62 

1964 

F-89 

1960 

B-na 

1967 

F-lOO 

1963 

B/RU-(iO 

1964 

P-101 

1964 

C-O 

1968 

F-102 

1966 

C-130 

1966 

F-104 

1966 

C-133 

1966 

F-106 

1966 

KC-136 

1967 

F-106 

1966 

C-141 

1963 

F-111 

1967 

F3D 

1960 

8-3 

1972 

F3H 

1966 

T  38 

1969 

F'lD 

1964 

'I’-ao 

1060 

Approximately  two-thirds  of  the  aircraft  in  the  sample  first  Hew 
prior  to  1960,  and  roughly  half  first  flew  prior  to  1957  (i.e.,  more  than 
30  years  ago), 


''ri\u  (.'lasHiriciuiiiii  111'  i\n  ulrcrnl't  im  mw  or  dvrlviiOvu  Ih  not  iin  I'lillrcly  iilijurtivi>  pro- 
nodiirii,  For  (ixnmpli',  idtliounli  Iho  F1(12A  proKi'iuii  fold  llu'  Krmmdworli  I'oi  llu'  F-IOIIA, 
till!  F-lOtiA  m  clitHHiriud  iiH  II  lu'w  iliiHimi  in  |.h»>  diilnlmw  Ih'i'hiibi',  in  lonlriiHl  In  (lio 
F102A,  it  hiid  II  now  enniiu',  ri'lointuil  air  iulidusH,  viirialili'  Ui'imioli'y  air  inlalH,  a  nioiii- 
fiail  vertical  Htahill/.er,  niul  niarkeclly  belter  iierrorinance  (Hef.  17,  p,  M), 

■''I'lie  I'ii'Hl  niiihl  (liitcH  pri'HenU'il  in  tliia  report  relleil  tlie  liral  IliKlil  dale  of  the  ver- 
Hion  that  wiiH  inoNi  repreHi'iilalive  of  the  aircrni'l  llml-  wim  to  become  opernlinnal,  ’I'lioae 
daliiH  IliiiH  rellert  llie  fiiBt  Hi^lil  date  of  the  development  id  aircrnfl,  not  eiiilier  experi¬ 
mental  or  prototype  aircraft.  'I'boa,  iiIiIiookIi  llie  F-'IA  idrcraft  firal  Hew  in  May  ll),'iH, 
the  firHt  flinlit  dale  of  the  F-dH  aircrid'f  ia  preHeiited,  Sindlavly,  even  Ibouttb  tlie  Yl''-17, 
tile  antecedent  of  llie  F-IH,  firHt  flew  in  May  1U7'I,  the  firal  IliabI  dale  of  llie  ^'•1SA  air 
craft  in  prcHenteil, 
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The  attack  subsample  consists  of  the  aircraft  with  mission  code  A 
plus  the  S-3.®  Thx;  fighter  subsample  encompasses  all  mission  code  F 
aircraft.  The  bomber/transport  subaample  consists  of  aircraft  with 
mission  codes  B  and  C  plus  the  KC-136.  The  two  trainer  aircraft  (the 
T-38  and  T-39)  are  not  included  in  any  subsample. 


DEPENDENT  VARIABLES 

Costs  are  dealt  with  at  both  the  total  program  level'*  and  at  the 
major  cost-element  level  (engineering,  tooling,  manufacturing  labor, 
manufacturing  material,  development  support,  flight  test,  and  quality 
control).®  Generally,  estimating  at  the  total  program  level  is  best 
suited  to  long-range  planning  studies  where  little  detail  is  required. 
The  major-cost-element  approach,  on  the  other  hand,  is  beat  suited  to 
situations  where  some  insight  into  why  a  program  is  going  to  cost  a 
certain  amount  is  required,  or  where  informed  adjustments  need  to  be 
made  based  on  special  aircraft  olmracteristics.  Despite  these  differ¬ 
ences  in  typical  applications,  however,  past  RAND  analyses  (as  well  as 
this  one)  have  shown  that  the  two  approaches  are  essentially 
equivalent  in  terms  of  their  accuracy. 

Costs  are  not  examined  in  terms  of  nonrecurring  and  recurring 
because  for  the  older  aircraft  In  the  sample,  original  records  were  not 
kept  in  this  way,  and  any  such  separation  at  this  time  would  be  arbi¬ 
trary.® 

Engineering,  tooling,  manufacturing  labor,  and  quality  control  are 
estimated  in  terms  of  man-hours  rather  than  dollars,  for  two  reasons: 

(1)  it  avoids  having  to  make  adjustments  for  annual  price  changes,  and 

(2)  it  permits  comparison  of  real  differences  in  labor  requirements,^ 
Manufacturing  material,  development  support,  and  flight  teat  do  irot 

■'Somu  quuHllon  imiy  iiu  riilBwl  r.Diiwirniiiu  tliw  iitcUiHion  ol’  (lie  S-;i  in  tiu)  iitliu'k  huI)- 
Hiimple.  Howevur,  In  tariiin  ul'  wniKht.,  upmiil,  climb  rulu,  imd  iilUtiiiilu  Idiid  I'ncldri  il  ih 
within  tho  rsnito  of  the  mlHHlnu  cud«  A  iiircrnfl.  Furthermore,  it  hiin  the  cni)iil)illl.,v  in  he 
UKBcl  in  an  attack  (for  turpetkiH  ami  depth  fiuinha),  pobkchhIhh  a  relatively  Hteop  nuixinuim 
dive  unKlc,  IfocauHO  of  these  feut.uroH,  ite  incluelon  in  the  attack  aumple  wae  felt 
a|iprupriulu. 

'•'I’otul  pronram  coete  arc  "normalUeii"  vahiee  mul  not  tlie  ncUial  reported  dollar 
iiinniintH,  the  dollar  ainoiintH  for  enidneerinKi  looliiift,  riiainifiicUiriiiK  labor,  an<l  (imd- 
ily  control  havo  huon  determined  by  applyins  hiUy  lairdened,  Indnalry-averiiKe  labor 
ratoH  to  tliu  hours  ruportetl  for  each  cut«Kor,v. 

'’Cost  elemoirl  definitions  are  jirovidud  in  .\ppuu(Ux  A. 

''Hof,  ;i, )),  s, 

'The  niujor  limiuitloii  of  tlm  man-hours  approncli  is  lhal  il  does  noi  accoinil  for 
differences  in  overhead  rates,  ConsoquenUy,  differeiueH  ia  such  IliioKH  aa  l■a))ilal/hdK)l' 
ratios  cnnnol  liw  aildrussed, 


lend  themaelvea  to  this  approach  and  were  therefore  estimated  in  doh 
lars. 


EXPLANATORY  VARIABLES 

During  the  formulation  stage  of  this  study,  many  characteristics 
were  considered  as  potential  explanatory  variables.  However,  to  be 
among  the  characteristics  that  were  considered  for  inclusion  in  the 
CERs  (Table  2),  a  variable  had  to  meet  the  following  requirements: 

1.  It  had  to  be  logically  related  to  cost,  that  is,  a  lationale  had  to 
be  constructed  that  would  explain  why  cost  should  be  influ¬ 
enced  by  the  variable.*' 

2.  It  had  to  be  "readily  available”  in  the  early  stages  of  aircraft 
conceptualization. 

3.  It  had  to  have  an  available  historical  record." 

The  rationales  for  considering  or  not  considering  suggested  explana¬ 
tory  variables  are  explained  below.  Variable  definitions  are  provided  in 
Appendix  B. 

Size 

Weiaht  and  wetted  urea  are  logical  variables  to  be  tested  for  signifi¬ 
cance  because  they  are  indexes  of  size,  and,  all  other  things  being 
equal,  a  large  airframe  should  cost  more  than  a  smaller  one.  Airframe 
unit  weight  consists  primarily  of  structural  items  and,  of  all  weight 
measures,  would  seem  to  most  closely  represent  what  the  airframe 
manufacturer  is  directly  responsible  for  designing  and  producing, 
Bhnpty  weight  includes  not  only  the  structure  but  also  the  engines  and 
mission  equipment  and  thus  would  also  seem  to  capture  what  the  air¬ 
frame  manufacturer  is  responsible  for  integrating  and  installing. 


riHiviireniBiit.  in  inltindctl  to  ix'  a  iniddlo  ((round  liulwvun  two  BxtromuH.  Oiui 
nxtrome  would  rctiuire  the  dovc'lo|m)«nt  of  an  in-depth,  Hlep-by-Hlep  ex|ihuiatiuii  of  why  a 
liartltiiilar  chariiotcrlHtic  ahnuld  affect  coat,  prior  to  any  Btaliatical  analynia,  'I'hia 
approach  would  require  foilowing  a  typicai  airframe  from  drawin((  hoard  to  fiiiai  aanuiii 
l)ly,  Hhowing  liow  th«  (.iiarHc.Uu'iHtlc  of  iiiteroHt  iiniracta  coat  at  oacli  ‘'aUip"  aioiig  tlic  way, 
i'lui  other  axtremc  would  not  require  any  a  priori  rationale  Imt  would  um>  HtallHlical 
luuilyHiH  to  OBtablleh  explanatory  variabloa  and  then  l)e  conoi  rued  willi  (levoloiiiiq!  Ilie 
rationalu,  Our  approach  required  the  eataltliahiaenl  of  an  intuitive  ralionale  for  eacli 
irotonlial  explanatory  variable  prior  to  any  HtaliRtl.ail  analyaiH,  wldcli  waa  I  lien  uaed  aa  a 
tool  for  final  varialile  aelection. 

"in  (he  conlext  of  Ihia  aliidy,  an  availalile  record  waa  one  tliat  waa  currently  availalde 
within  KANl),  ICxtcrnal  data  collection  for  tliia  atiidy  was  extremely  liinited. 
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Table  2 

POTENTIAL  EXPLANATORY  VARIABLES" 


Variable 

All 

Aircraft 

Fighter 

Attack 

Bomber/ 

'I'runsport 

Size 

Airframe  unit  weiftht  (AUVV) 

X 

X 

X 

X 

Empty  weight.  (EW) 

X 

X 

X 

X 

Wetted  area 

X 

X 

X 

X 

Technicel/pe'fpripance  fnetora 

Maximum  epoed 

X 

X 

X 

X 

Speed  ciaBH 

X 

X 

X 

X 

Specific  power 

X 

Maximuin  apecific  energy 

X 

Climb  rate 

X 

X 

X 

X 

Maximum  iiustalned  load  factor 

X 

Thrusl-lo-weight  ratio 

X 

BreKuet  range  factor 

X 

Ueeful  load  fraction 

X 

X 

X 

X 

Predicted  first  filgiit  date 

(technology  index) 

X 

Predicted  first  fliglit  date 

(compoalte  perfortnnncu) 

X 

Construction 

Design  ultimate  loud  factor 

X 

X 

X 

X 

Structural  efl'iclency  factor 

X 

Carrier  capnljllity  designator 

X 

X 

X 

X 

Engine  locution  designator 

X 

X 

X 

X 

Wing  type 

X 

X 

X 

X 

Ratio  I'f  wing  area  t.o  wetted  area 

X 

X 

X 

X 

Ratio  of  (EW-AUW)/AUW 

X 

X 

X 

X 

Ratio  of  avionics  weight  to  AUW 

X 

X 

X 

X 

Numher  of  black  boxes 

X 

X 

X 

X 

Program 

Numhei  of  test  aircraft 

X 

X 

X 

X 

Maximum  tooling  c.a|iahiUty 

X 

X 

X 

X 

New  engine  designator 

X 

X 

X 

X 

Contractor  experience  designator 

X 

X 

X 

X 

Weajton  uystum  designator 

X 

Program  type  deaignator 

X 

X 

X 

X 

"Hlunks  incliwile  Uii\t  iml  nil  explimiitory  v.niuliluH  ure  iii)|)U('ulili'  In  nil 
uilA’i'nlt  HiimpUiH,  In  iiomi'  liiHlimnen,  I'.ertulli  t.’hm'aoU>nMlicH  ari'  mil  r.u'im- 
innAil  for  Mirtain  niri'nift  lypi'n,  Hpei'H'ic  power  in  not  imvlunilarly 
rvU'vanl  when  dewTiliinn  lHinilu)r/liiinHi)orl.  aiirral't,  In  <>llu>r  ihhi'h,  the 
el'l'orl.  riHiiiireil  lu  eolleel  or  ealeulatu  the  n|iproprhile  values  was  lieynml  Ihe 
se.iipe  111'  this  Htnily.  li’or  example,  the  Hri.'Kuel  nuiKe  faelor  waa  reailllv 
avuilahle  only  I'nr  I'iKhter  aireral't,  ami  ealeiilatinn  it  i'ur  the  other  aiieral'l 
tyima  would  have  lieen  a  major  umlerlakinc. 
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Gross  weight  and  combat  weight  were  not  tested  because  they  include 
items  (e.g.,  ordnance,  fuel,  crew)  which,  while  clearly  considered  during 
the  development  stage,  are  not  within  the  airframe  manufacturer’s 
respon.nbility  for  design,  fabrication,  or  installation.  The  connection 
between  cost  and  gross  weight/combat  weight  would  thus  be  less  strong 
than  that  between  cost  and  airframe  unit  weight/empty  weight,  Other 
size  variables  such  as  wingspan  and  fuselage  length  were  not  considered 
because,  individually,  they  are  not  representative  of  the  entire  airframe. 

Teohnioal/Pei'formance  Factors 

Generally  speaking,  improvements  in  performance  capability  (speed, 
acceleration,  maneuverability,  range/payload,  etc.)  are  associated  with 
greater  airframe  complexity.  For  example,  as  speed  approaches  Mach 
1,  the  effects  of  compressibility  necessitate  more  sophisticated  aero¬ 
dynamic  and  structural  design  (e.g.,  swept  wings);  as  speed  increases 
beyond  Mach  1,  wings  generally  become  thinner;  as  speed  approaches 
Mach  2,  more  complex  variable -cross -section  engine  air  inlets  are  nor¬ 
mally  used  for  efficient  operation;  and  at  Mach  2.6,  materials  such  as 
titanium  are  needed,  since  the  strength  of  aluminum  alloys  decreases  at 
the  elevated  temperatures  encountered  at  higher  speeds.  Speed  alone, 
however,  ignores  the  problems  associated  with  packaging  high  speed  in 
a  small,  lightweight  airframe.  Consequently,  specific  power  (fighters 
only)  is  the  chosen  parameter,  because  it  normalizes  for  size. 

Maximum  specific  energy  (fighters  only),  an  important  parameter  in 
energy- maneuverability  theory,  collectively  describes  the  speed  and 
altitude  performance  of  fighter  aircraft.  The  sea-level  rate  of  climb 
indicates  the  specific  excess  power  an  aircraft  has  available  to  climb  or 
change  velocity  and  hence  provides  a  measure  of  acceleration  capabil¬ 
ity. 

The  maximum  sustained  load  factor  (fighters  only)  and  the  thrust- 
to-wcight  ratio  (fighters  only)  were  selected  to  characterize  aircraft 
maneuverability.  Generally  speaking,  increased  maneuverability  is 
associated  with  increased  airframe  “strength.” 

Differences  in  the  range/payioad  capabiiity  are  rofiocled  in  the  lire- 
guet  range  factor  (fighters  only)  and  useful  load  fraction,  'fhe  range 
factor  meas'ires  how  well  fuel  energy  is  translated  into  range  by  the 
airframe’s  aerodynamics  as  well  as  the  propulsion  system.  I'he  useful 
load  fraction  provides  a  gross  measure  of  an  aircraft’s  ability  to  carry 
fuel  and  payload. 

The  predicted  first  flight  date  (fighters  only)  is  viewed,  first,  as  an 
indicator  of  the  technological  sophistication  of  the  uirfifime,  and 
second,  as  a  composite  performance  variable.  As  an  indicator  of 
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technological  sophistication,  it  complements  other  performance  vari¬ 
ables,  and  as  a  composite  performance  variable,  it  substitutes  for  other 
performance  variables.  However,  in  either  case,  the  impact  on  cost 
should  be  the  same;  higher  levels  of  technological  sophistication  or 
performance  should  result  in  higher  cost.'” 

The  Uft-to-drag  ratio  was  not  considered,  since  no  hypothesis 
explaining  a  logical  relation  to  coat  could  be  developed.  However,  it 
does  significantly  influence  range  and  is  incorporated  into  the  Breguet 
range  factor.  Ceiling  was  not  considered,  because  the  vast  majority  of 
aircraft  in  the  sample  are  capable  of  altitudes  in  excess  of  40,000  ft, 
and  further  differences  are  usually  attributable  to  the  engine  rather 
than  the  airframe. 

Construction 

This  group  of  explanatory  variables  is  used  to  account  for  differ¬ 
ences  in  how  airframes  are  constructed.  The  design  ultimate  load  factor 
(the  maximum  load  factor  to  which  the  airframe  is  designed)  can  be 
viewed  as  a  measure  of  airframe  “stnngth.”  The  structural  efficiency 
factor  (fighters  only),  defined  as  the  ratio  of  structural  weight  to  the 
product  of  the  design  ultimate  load  factor  and  stress  design  weight,  is 
used  to  quantify  differences  in  materials  and  design/fabrication  tech¬ 
nology.  Presumably,  improvements  in  materials  and  design/fabrication 
techniques  should  produce  lower  structural  efficiency  factors.  Since 
they  are  more  difficult  to  achieve,  lower  stnictural  efficiency  factors 
should  result  in  higher  costs  than  higher  structural  efficiency  factors. 

The  carrier-capability  designator  is  intended  to  separate  aircraft 
designed  for  carrier  operation  (i.e.,  those  having  catapult  takooff, 
arresting-gear  landing,  wing  fold,  and  additional  corrosion  problems) 
from  those  that  are  not.  The  engine  location  designator  indicates 
whether  an  aircraft's  engines  arc  embedded  in  the  fuselage  or  located 
in  nacelles  under  the  wing.  It  is  felt  tluU  the  process  of  designing  and 
integrating  an  engine  into  a  fuselage  (e.g.,  tailoring  the  inlet  airflow, 
routing  cables  and  hydraulic  lines  around  the  engine)  is  more  difficult 
than  that  of  placing  the  engine  in  a  nacelle  under  the  wing. 

The  next  two  variables  deal  with  wing  construction.  Wing  type 
reflects  the  perceived  complexity  of  alternative  wing  configurations  — 
straight,  swept,  delta,  and  variable  sweep.  'I'ho  ratio  of  wing  area  to 
wetted  area  is  used  to  account  for  t  he  obsorvaticjii  that  wing  structure  is 

'"Hincn  th«  predicted  lirst.  lliKlil  dale  and  aeUiat  I'ii'Hl  lliKlil  dale  ure  hiKidy  ourreluted 
liy  coiiHlraeliaa  (i.e.,  (liey  are  OHneiUially  einiivaleiil),  llie  ixmaibility  exietH  llial.  wfieii  Uie 
prodiei.ed  first  IliKlit.  date  is  ealereti  into  a  east  uijiiation  it  iiUKlit  aetunlly  lie  capturinH  n 
tiniu  trend  timt  is  unrelated  to  t.echiioloKy  (e.n.,  chaiines  in  procurement  policy). 
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normully  less  expensive  per  pound  than  (uaelaRe  or  empenniiBe  struc¬ 
ture,''  Consequently,  everything  else  being  equal,  aircraft  with  larger 
ratios  of  wing  area  to  wetted  area  should  be  less  expensive  than  aircraft 
with  smaller  ratios, 

The  two  weight  ratios— empty  weight  minus  airframe  unit  weight  to 
airframe  unit  weight  [(EW-AUW)/AIJW]  and  avionics  weight  to  air¬ 
frame  unit  weight  [AV/AUWJ — are  used  to  account  lor  the  difficulty  of 
integrating  and  installing  nonstructural  itemi,  within  the  airframe. 
Weights  are  used  as  proxies  for  volume,  since  volumes  could  not  be 
obtained.  Empty  weight  less  airframe  unit  weight  accounts  for  the 
weight  of  the  engine(s)  and  mission  equipment,  while  avionics  weight  is 
limited  to  the  electronics  group. 

Like  the  ratio  of  avionics  weight  to  airframe  unit  weight,  the  number 
of  black  boxes  also  attempts  to  account  for  the  difficulty  of  integrating 
and  installing  electronics  into  an  airframe.  However,  it  does  not  caj'- 
ture  the  relative  difficulty  of  packaging  particularly  well,  especially 
when  applied  to  a  sample  containing  both  large  and  small  aircraft,  A 
black  box  is  loosely  defined  us  an  electronic  component  or  unit  (usually 
with  an  identifiable  AN  designation"^  or  manufacturer  part  number) 
which  provides  a  communication,  navigation,  identification,  fire  con¬ 
trol,  electronic  countermeasures  (ECM),  or  data  iirocessing  function. 
Excluded  are  instruments,  electromechanical  components,  intercoms, 
emergency  transmitters,  chaff  dispensers,  cameras,  and  electronics 
located  in  pods.  Differences  in  the  level  of  technology  embodied  in 
black  boxes  are  not  accounted  for,  nor  is  the  fact  that  the  level  of  black 
box  aggregation  varies  from  aircraft  to  aircraft.  For  example,  a  cen¬ 
tralized  aircraft  and  weapon  control  unit  (such  as  the  MG-IO  on  the 
F-102)  may  subsume  several  functions  identified  separately  on  other 
aircraft.  Furthermore,  since  an  aircraft’s  avionics  suite  is  cons  tantly 
changing,  even  during  initial  production  runs,  it  is  very  difficult  to 
select  a  "representative"  .suite.  'Phis  analysbi  has  used  the  suite  ai)pear- 
ing  on  the  fir'it  production  version  of  the  aircraft  as  u  basi-s  for  deter¬ 
mining  the  number  of  black  boxes.  The  numbers  of  blai:k  boxes  by  air¬ 
craft  and  by  date  of  first  flight  are  shown  in  Table  15,  wtiich  also  shows 
an  apparent  pre-196()/poat-196()  break  in  the  quantity  of  black  boxes 
for  the  attack,  transport,  and  fighter  mission  types. 

An  additional  half-dozen  or  so  construction-related  variables  were 
not  considered,  for  a  variety  of  reasoriR.  Wing  loading  and  aspect  ratio 
were  not  considered  because  reasonable  hypotheses  relating  them  to 

'  T-ae  lief.  IS, 

AN  (Anny-Niivy)  (limiKiiiilifin  iiitMi’iilcH  (I'nt  nn  t'Ici'l rimir  i(  r-  li  i.s  Ih’imi  i  liumi 
Ik'd  in  Hci'Dfciimi't!  with  Ihr  ,(111111  DUiolninkH 'ryo  eHiijieUion  Synli'iii, 
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Table  3 

NUMBERS  OF  BLACK  BOXES 


Aircrnft, 

Year  of 

First 

Flight 

Numbers  of 
Black 
Boxes 

Attack  Aircraft 

A-3 

1953 

8 

A-4 

1954 

6 

A-C 

1968 

13 

A-6 

1960 

23 

A-7 

1966 

19 

S-:3 

1973 

33 

A-U) 

1974 

14 

Bomber/Trnnsport  Aircraft 

B-G2 

1954 

34 

H/RB-6G 

1954 

— 

B  58 

1957 

26 

c-;;)o 

1965 

17 

0-1 33 

1956 

16 

KC-iGG 

1957 

16 

C-141 

1963 

26 

0-5 

1908 

27 

Fighter  Aircraft 

K-8(i 

1948 

4 

F3I'J 

1950 

9 

F-»9 

1950 

9 

F-lOO 

1953 

6 

F4D 

1964 

<) 

F-lOl 

1954 

9 

F3H 

1955 

6 

K-IOi! 

1955 

9 

K  104 

1950 

6 

K-l()5 

1956 

11 

F-lOO 

1950 

13 

F-4 

1961 

11 

F- 1 1 1 

1967 

18 

F  14 

1970 

21 

F-U) 

1973 

31 

F-l(i 

1976 

- 

F-IH 

1978 

Othci  Aircraft 

T-3H 

1959 

7 

'l'-3i) 

I960 

10 

ItA'I'A  KLi'.MKN’I’S 
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cost  could  not  be  developed.  Wing  taper, the  ratio  of  wing  thickness 
to  wing  chord,'*  maximum  dynamic  pressure  in  the  flight  envelope,  and 
part  count  were  not  considered  because  historical  values  for  these  vari¬ 
ables  were  not  readily  available.  Furthermore,  part  count  was  not  felt 
to  be  a  variable  for  which  a  value  could  be  accurately  estimated  in  the 
concept-formulation  stage.  The  maximum  lift  coefficient'^  in  combat 
configuration  was  not  considered  because  efforts  to  measure  this 
parameter  uniformly  were  stymied  by  inconsistent  definitions  among 
aircraft  of  what  constitutes  the  maximum  usable  lift  coefficient  condi¬ 
tion  (e.g,,  inconsistent  definitions  of  controllability  under  various  con¬ 
ditions  of  buffet).  The  maximum  lift  coefficient  in  a  landing  or  takeoff 
configuration  was  investigated  indirectly  through  the  use  of  a  variable 
that  distinguishes  between  land-based  aircraft  and  carrier-capable  air¬ 
craft;  the  latter  generally  place  greater  emphasis  on  developing  high  lift 
at  low  speed. 

Finally,  even  though  we  know  that  airframe  materials  utilization 
varies  significantly  from  aircraft  to  aircraft  (see  Table  4),  the  develop¬ 
ment  of  a  meaningful  materials  index  was  beyond  the  scope  of  this 
study.  Such  an  index  would  require,  for  each  aircraft,  not  only  the 
material  distribution  (e.g.,  aluminum,  titanium,  steel,  composite)  and 
form  (sheet,  plate,  forging),  but  also  the  relative  finished  part  costs  at 
the  time  the  aircraft  was  manufactured.  Furthermore,  the  required 
data  are  readily  available  for  only  a  few  of  the  most  recent  aircraft.'” 

Program 

Unlike  the  first  three  groupings  of  explanatory  variables  which  dealt 
with  the  physical  characteristics  of  airframes,  the  final  group  of  vari¬ 
ables  deals  with  the  management  decisions  associated  with  airframe 
programs.  An  increased  number  of  test  aircraft  suggests  an  expanded 
flight-test  program  with  increased  engineering  planning,  instrumenta¬ 
tion,  fuel,  maintenance,  and  data  requirements,  and  a  resultant 
increase  in  cost,  Maximum  tooling  capability  is  used  to  capture  the 
effect  on  cost  of  the  production  rate  (e.g.,  greater  specialization  of 


'■'HiKlief  wiiiK-tappr  riitioH  umierully  mcuii  mart  anU)ut>  purU  rll)n), 

'■'Lower  lliieknesH-tn-cluircl  ruUoH  rellwl  reluUvoly  thinner,  wltier  wiim»  which  are 
more  difficult  to  cnntaruci  thiui  thicker,  narrower  wi^l^H. 

"'Higher  maximum  lift  coefficieotH  are  normully  UHHociuleil  with  more  complex  win^ 
leadinK-  end  l.railinn-edKe  deviceH,  the  eont  of  which  prehuinnhly  iiicreunea  the  eiml  t)f  the 
overall  wiiiR. 

"’For  additioiifd  diHCiwHion  of  material  iiidexcH,  aee  Kef.  lU,  pp,  IHU-'2()'/,. 


16 


AlHUUAFl' AIKFUAMK  I'OS'I'  KS'I  IMA'I'INC.  HKl.A'I'IONSIIIl'S 


Table  4 

AIRFRAME  MATERIALS  UTILIZATION 

(Percentage  of  airframe  structure  weight)* 


Material 

Aircraft'’ 

F-4 

(1961) 

F-IU 

(1967) 

F-14 

(1970) 

F-IS 

(1972) 

B-IA 

(1974) 

F-18 

(1976) 

F-18 

(1978) 

Aluminum 

70 

59 

48 

62 

52 

79 

48 

Titanium 

9 

5 

29 

40 

20 

2 

14 

Steel 

33 

22 

6 

14 

4 

16 

Compoelteg 

1 

1 

1 

2 

4 

6 

11 

Other 

f  ® 

2 

— 

1 

10 

10 

12 

'Structure  weight  Includes  the  following  weight  groups:  wing,  tall, 
body,  alighting  gear,  and  engine  section  (see  MIL-STD-1374,  Weight  and 
Balance  Data  Reporting  Fornu  for  Aircrt^t,  September  30, 1977). 

’’First  flight  dates  shown  in  parentheses. 


labor,  reduced  material  costa  through  increased  volume  purchase)  and 
the  physical  volume  of  tooling  (initial  and  duplicate  sets). 

The  "new  engine"  designator  distinguishes  those  airframes  that  are 
mated  with  a  new  engine  (excludin/i  growth  versions)  from  those  that 
are  not.  A  new  engine  is  expected  to  experience  more  difficulties  than 
an  "off  the-sheir  or  growth  engine,  and  these  difficulties  should  also 
be  reflected  in  the  airframe  development  (e.g.,  in  schedule  slippage,  air¬ 
frame  modifications).  The  derivation  of  the  “new  engine”  designator  is 
provided  in  Table  6.  Clearly,  some  interpretation  was  required.  For 
example,  during  the  early  and  niid-19508,  when  aircraft  w^ro  developed 
at  a  rapid  pace,  engines  were  occasionally  introduced  virtually  simul¬ 
taneously  on  more  than  one  aircraft.  Some  cases  were  truly  joint 
applications  (e.g.,  the  J79  for  the  B-68  and  F-104).  In  other  near- 
simultaneous  cases,  such  ae  the  J57,  we  used  subjective  Judgment  in 
determining  which  aircraft  bore  the  brunt  of  engine  development. 

The  contractor  experience  designator  ie  intended  to  deal  with  the 
notion  that  a  contractor  with  recent  experience  on  a  specific  mission- 
type  aircraft  should  be  more  efficient,  both  in  dev'elopment  and  produc¬ 
tion,  than  a  contractor  without  that  experience.'^  The  problem,  of 

‘^An  alternHtive  approach  woukl  focuH  not  on  the  Individual  conlractcrV  iccptil 
experience,  but  rather  on  the  experience  of  the  airframe  induelry  as  a  whole  with  a  given 
type  of  aircraft  design.  In  other  words,  only  "first-of-a-kind"  designs  would  be  desig¬ 
nated  “no  experience."  The  proljlwm  with  this  approach  is  that  almost  i  very  uircrni't  is 
the  first  "something."  (For  example,  see  Hof.  17,  p.  7,  Table  I,  “MilemonoB  in  U.S.  .let 
Fighter  Development.") 


DATA  ELEMKNTS 


Tabla  B 

NEW  ENGINE  DESIGNATOR 
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Aircraft 

Initial 
Engine  on 
Production 
Aircraft 

Initial 
Aircraft 
Applioation(ii) 
of  Engine 

Pint 

Application? 

A-3 

J67 

B-e2/F4D 

No 

A-4 

jes 

B-67 

No 

A-6 

J79 

B-68/P-104 

No 

A-6 

J62 

A-e 

Yes 

A-7 

TF30* 

F-Ul 

No 

A-10 

TF34 

s-3 

No 

B-62 

.167 

B-62/P4D 

Yei 

B-fi8 

J7e 

B-88/P-104 

Yea 

B/RB-ee 

J71 

B/RB-e6/F3H 

Yea 

C-6 

TF39 

C-6 

Yea 

C-130 

Toe 

c-iao 

Yea 

C-133 

T84 

0-133 

Yea 

Kc-ias 

J67 

B-62/F4D 

No 

C-141 

TPaa 

B-62H/707 

No 

P3D 

J34 

F6U/F2H 

No 

P3H 

J71'' 

B/RB-e6/P3H 

Yea 

F4D 

J67 

B-62/F4D 

Yea 

F-4 

J79 

B-68/F-104 

No 

F-14 

TP30 

F-lll 

No 

F-16 

PlOO 

F-16 

Yea 

F-16 

PlOO 

F-16 

No 

F-18 

F404 

F-18 

Yea 

F-86 

J47 

B-46/F-86 

Yea 

P-89 

J36 

F-84/FJ-1 

No 

P-100 

JB7 

B-52/F4D 

No 

P-101 

J67 

B-52/F4D 

No 

P-102 

J67 

B-52/F4D 

No 

P-104 

J79 

B-68/F-104 

Yes 

P-106 

.176 

F-106 

Yes 

F-100 

J76 

F-106 

No 

F-111 

TFSO 

F-lll 

Yea 

S-3 

TF34 

S-3 

Yea 

T-a8 

J86 

T-2C 

No 

T-ao 

J0O 

T-ao/C-140 

Yea 

■Without  at'terbui'ner, 

'’F3H  switched  from  J40  to  J71  at  the  fifty-seventh 
production  unit. 
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course,  comes  in  defining  experience.  The  question  of  what  constitutes 
an  “experienced  nucleus”  of  engineers  and  production  workers  is 
beyond  the  scope  of  this  study.  The  answer  to  this  question  would 
involve,  for  example,  questions  of: 

1.  Relevancy: 

•  Does  a  company-sponsored  effort  constitute  experience  in 
the  same  sense  as  a  government-sponsored  effort? 

•  Does  a  program  that  does  not  reach  production  provide 
experience  in  the  same  sense  as  one  that  does? 

•  Does  experience  with  aircraft  types  other  than  the  current 
aircraft  type  benefit  the  current  program?  (e.g..  Does 
recent  experience  with  attack  aircraft  help  fighter 
development?  Does  recent  experience  with  commercial 
transport  aircraft  help  military  transport  aircraft  develop¬ 
ment?) 

2.  Currency:  How  recent  is  the  experience? 

3.  Definition  of  nucleus:  quantity,  quality,  and  mix  of  labor 

types, 

4.  Labor  mobility,  both  intracompany  and  intercompany. 

Consequently,  for  this  study,  contractor  experience  is  arbitarily 
defined  in  the  following  way:  A  company  that  receives  a  government- 
sponsored  mission-type-X  development  contract  (excluding  contract 
definition  phases)  prior  to  the  conclusion  of  another  government- 
sponsored  mission-type-X  production  program  is  said  to  have  experi¬ 
ence.  Furthermore,  for  all  but  cargo  aircraft,  an  additional  condition  of 
experience  is  that  the  propulsion  types  of  the  current  and  prior  aircraft 
also  be  the  same.  That  is,  the  applications  of  propeller  and  jet  propul¬ 
sion  to  combat  aircraft  are  considered  sufficiently  dissimilar  that  credit 
for  experience  is  not  given  if  the  prior  case  involved  a  different  type  of 
propulsion  system.  The  derivation  of  the  contractor  experience  desig¬ 
nator  is  provided  in  Table  6.  Note  that  in  cases  where  there  is  a  defin¬ 
ite  similarity  between  an  aircraft  and  an  antecedent,  credit  for  experi¬ 
ence  is  given  irrespective  of  the  mission  designations  (e.g.,  A-3  and 
B/RB-66,  F-8  and  A-7), 

This  definition  obviously  has  limitations.  For  example,  changes  in 
avionics  technology  and  basing  mode  (e.g.,  land  vs.  carrier)  are  ignored, 
as  is  relevant  subcontractor  experience.'*'  However,  additional  sophisti- 

”'Fcir  exuniplu,  lo  “oliluin"  relcviml  "carrier"  experiumu'  I'ur  the  S-il  pnittrum, 
LocUheed  teamed  with  I.'I'V,  which  i>l  (ho  lime  wim  atill  |)riiduciii('  the  A-7.  la  fact,  hv 
the  time  the  luHt  H  it  waa  cmnplelcd,  I.'I’V  waa  priHliieiiin  iihmil  511  percent  nfihe  air 
frame  unit  weiKhi. 


DATA  KDEMENTS 


Table  6 

CONTRACTOR  EXPERIENCE  DESIGNATOR 
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Prior  Aircraft  of 
Same  Mlaiinn  Type 


Aircraft 

Contractor 

Start  Date  of 
Govt.-Sponsored 
Research 

Produced  by  Contractor 
and  Approximate  Date 
Production  Concluded 

Experience? 

A-3 

Douglas 

Mar  1949 

A-1  (prop)/Feb  1067 

No 

A-4 

Douglas 

Jun  1962 

A-3/1960 

Yes 

A-6 

North  American 

Jun  1966 

A-2  (propj/Mar  1964 

No 

A-e 

Grumman 

Mar  1969 

8-2  (prop)/1967(?) 

No 

A-7 

LTV 

Mar  1964 

P-BVSep  1964 

Yes 

A-10 

Fairchild 

Dec  1970 

None  Identified 

No 

B-62 

Boeing 

Jul  1948 

B.47/Feb  1967 

Yes 

B-6B 

Convair 

Feb  1951 

B-36  (prop)'’/Aug  1964 

No 

B/RB-06 

Douglas 

Jan  1953 

A-371960 

Yes 

C-6 

Lockheed 

Oct  1966 

C-141/Jul  1968 

Yes 

C-130 

Lockheed 

Jul  1961 

None  Identified 

No 

c-iaa 

Douglas 

Feb  1963 

C-124  (prop)/May  1965 

Yes 

KC-138 

Boeing 

Aug  1964'' 

KC-97  (prop)/Jul  1966 

Yes 

C-141 

Lockheed 

Apr  1961 

C-130  (propl/current 

Yes 

F3D 

Douglas 

Apr  1946 

P-70  (prop)/1943(7) 

No 

P3H 

McDonnell 

Sep  1949 

P2H/Oot  1963 

Yes 

F4D 

Douglas 

Dec  1948 

F3D/Oct  1063 

Yes 

F.4 

McDonnell 

Oct  1964 

P3H/NOV  1969 

Yes 

F-14 

Grumman 

Jan  1969 

P-lll/Peb  1909“ 

Yes 

F-16 

McDonnell 

Dec  1009 

F"4/currenl 

Yes 

P-16 

General  Dynamica 

Apr  1972 

F-lll/ August  1960 

No 

F-18 

McDonnell 

Apr  1972 

F-16/current 

Yes 

F-86 

North  American 

May  1946 

FJ -1/1967 

Yes 

F-89 

Northrop 

Jun  1946 

P-01  (prop)/194B 

No 

F-lOO 

North  American 

Jan  1962 

F-86/Dec  1966 

Yes 

F-101 

McDonnell 

Jan  1962 

F2H/Oct  1963 

Yes 

F-102 

Convair 

Sop  1951 

None  Idontified'Ni) 

F-104 

Lockheed 

Mar  1953 

F-04/Muy  1954 

Ybh 

F-105 

Republic 

Sep  1952 

F-84/Auk  1957 

Yea 

F-lOfi 

Convair 

Nnv  1965 

F-102/ Apr  1958 

Yea 

F-lll 

General  Dynamics 

Nov  1962 

F-lOO/Jan  19B1 

No 

8-3 

Lockheed 

Aug  1069 

P-3  (projrl/currenl 

Nu“ 

T-38 

Northrop 

Nov  1968 

None  idenlified 

No 

T.39 

North  American 

Mar  1956 

T-28  (prop)/ 1956 

Yea" 

‘Tho  A-7  evolved  from  the  F-H, 

'’Only  two  YB-BOb  (u  B-BB  derivative  uBinK  eijfhl  ilfiV  jet  eimlneH)  were  produced  by  Oori- 
valr. 

’’The  B/RB-BH  evolved  from  the  A  lb 

‘'The  “Danh  SB"  jet  tranaport  alarlod  In  May  IKfil!  with  corporate  fuinln, 

"The  F-lllB  was  formally  canceled  in  July  1968;  the  laal  F-lllH  acceptance  waa  in 
February  1969.  flrumman  fundiiiK  on  the  F-lll  wna  If  150  million  in  1069  and  $()H  million  in 
1976, 

'The  XF-92  waa  Ichh  than  a  full-Hcale  protolyire. 

“The  F  it  la  a  relatively  large,  land-haaed,  propeller-driven  aircraft,  while  the  S-M  ia  a  rela¬ 
tively  amull,  carrier-baaed,  jet  aircraft. 

'’Add.'tionally,  the  'I’-l!  waa  developed  and  prodnceil  approxinmtelv  coiu'urrently  with  the 
T-;iO, 
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cation  in  the  definition  of  contractor  experience  would  require 
increased  subjectivity  on  the  part  of  the  analyst. 

The  intent  of  the  weapon  system  designator  (fighters  only)  is  to  iden¬ 
tify  those  aircraft  whose  development  placed  more  emphasis  on  air-to- 
air  missiles  and  sophisticated  fire-control  systems  than  on  gun  arma¬ 
ment.*® 

Aircraft  identified  as  “weapon  systems”  were  considered  to  be  rela¬ 
tively  more  expensive  in  terms  of  design  integration  and  equipment 
installation  than  aircraft  identified  as  “gun  platforms.”  The  most  diffi¬ 
cult  aircraft  to  classify  were  the  F-101  and  the  F-104.  The  F-IOIA  car¬ 
ried  four  20mm  M-39  cannons,  twelve  spin-stabilized  rockets,  and  three 
A1M-4A  Falcon  missiles.  But  it  was  not  until  the  B  version  of  the 
F-101  that  the  cannon  armament  was  deleted  and  the  MO-13  fire  con¬ 
trol  system  was  added.  The  dominant  emphasis  of  the  original  F-104 
program  was  flight  performance.  Armament  for  the  F-104A  consisted 
of  A  20mm  M-61  Vulcan  rotary  cannon  and  two  infrared-homing 
Sidewinder  missiles,  but  no  search  radar.  The  F-104C  added  provisions 
for  two  additional  Sidewinders. 

The  final  variable  considered  was  the  type  of  development  program, 
The  ultimate  effect  of  the  prototype  concept  on  total  cost  (i.e.,  cost 
through  the  end  of  production)  has  been  the  subject  of  considerable 
debate  (see  Ref.  21).  Prototype  developments  typically  emphasize  the 
early  demonstration  of  technical  feasibility,  before  a  commitment  is 
made  to  large-scale  production  for  inventory.  The  initial  stages  of  such 
developments  are  usually  characterized  by  little  or  no  production  plan¬ 
ning  and  limited  tooling.  They  are  “change  amenable,”  i.e.,  even 
though  some  commitment  may  have  been  made  to  production,  it  is  not 
so  total  as  to  preclude  change  at  or  close  to  the  start  of  production. 
For  this  analysis,  a  prototype  program  is  arbitrarily  defined  as  one  in 
which  the  first  lot  consists  of  three  or  fewer  aircraft  (see  Table  7). 

There  are  three  other  program  variables  which  were  not  considered 
for  a  variety  of  reasons— the  number  of  test  articles  (other  than  flight- 
test  vehicles),  data  requirements,  and  the  number  of  concurrent  con¬ 
tractor  programs.  The  number  of  test  articles  was  not  considered 
because  almost  invariably,  regardless  of  the  technological  advance,  one 
fatigue  article  and  one  static  article  are  built  and  tested.  Consequently, 
there  would  not  he  sufficient  variation  in  the  variable  to  make  it  worth 
considering.  Data  requirements  are  frequently  mentioned  as  a  contrib- 

‘“In  reality,  the  relevant  ieeue  in  much  broader  than  implied  hero  and  cncompuBnoH 
queitionn  of  mtmaKement  ntrength,  facility  uvnllBblllty,  financial  condition,  etc.  'I'he 
more  generallased  topic  of  “contractor  capability"  la  diecuHHud  in  Chap,  IS  of  Ref,  20, 

^''Thla  definition  attempts  only  to  distinguish  Iwtween  two  poHaihle  amphuaes  and 
does  not  exclude  lighters  that  have  both  missile  and  gun  armament. 
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Table  7 

PROQKAM-TYPE  DBSIQNATOR 


Aircraft 

Number  of 
Aircraft  in 
First  Lot 

Program -Type 
Designator 
(1  >  concurrent) 

(2  -  prototype) 

Aircraft 

Number  of 
Aircraft  in 
First  Lot 

Program-Type 
Designator 
(1  -  concurrent) 
(2  -  prototype) 

A-3 

2 

2 

F-4 

7 

1 

A-4 

1 

2 

F-14 

8 

1 

A-6 

11 

1 

F-15 

20 

1 

A-6 

8 

1 

F-ie 

2 

2 

A-7 

7 

1 

F-IB 

2 

2'* 

A-10 

2 

2 

F-8e 

3 

2 

B-62 

2 

2 

F-89 

2 

2 

B-6B 

13 

1 

F-lOO 

2 

2 

B/RB-ee 

6 

1 

F-101* 

31 

1 

C-B 

6 

1 

F-102‘ 

42 

1 

C-130 

2 

2 

F104 

2 

2 

c-m 

12 

1 

P-108 

IS 

1 

KC-136 

1 

1 

F-106 

38 

1 

C-141 

6 

1 

P-111 

18 

1 

F3D 

a 

2 

S-3 

8 

1 

F3H 

2 

2 

T-38 

2 

2 

F4D 

2 

2 

T-39“ 

94 

2 

‘The  XF>88  program  (2  prototypei)  evolved  Into  the  F-lOl  programi  However, 
the  XF-88  wee  not  coneidered  a  direct  antecedent  of  the  F-lOl  because  different 
engines  were  used,  there  were  substantial  differences  In  the  planform,  and  the 
em^  weight  of  the  F-101  was  twice  that  of  the  XF-88. 

The  XF-92  program  evolved  Into  the  F-102  program.  However,  like  the  XF- 
88/F-lOl  case,  the  XF-92  Is  not  considered  a  direct  antecedent  of  the  F-102  because 
different  engines  were  used,  the  planforms  were  substantially  different  (the  F-102 
utilised  area  rule),  and  the  empty  weight  of  the  F-102  was  twice  that  of  the  XF-92. 

'Prior  to  government  funding,  a  single  T-39  prototype  was  developed  as  a  private 
venture. 

The  F-18  program  (U  FSD  aircraft)  evolved  from  the  YF-17  program  (2  proto- 
typea). 


utor  to  high  coats.  Unfortunately,  little  discuBsion  has  been  devoted  to 
what  the  proper  metric  should  be:  The  number  of  unique  reporting 
requirements?  The  number  of  manual  pages  that  must  be  scripted? 
The  volume  of  cost/performance  reports  generated?  In  any  case, 
regardless  of  the  metric,  historical  data  for  this  type  of  variable  are  not 
readily  available.  A  lack  of  readily  available  historical  data  was  also 
the  reason  for  not  testing  the  effect  of  the  number  of  concurrent  con¬ 
tractor  programs  on  cost.  It  was  felt  that  a  greater  number  of  con¬ 
current  programs  (including  commercial  efforts)  would  increase  the 
demand  for  labor  and  material,  and  would  thereby  result  in  cost 
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increases.  On  the  other  hand,  if  engineers  are  in  short  supply, 
engineering  might  be  limited  to  that  which  was  absolutely  necessary, 
which  would  result  in  cost  decreases.  But  if  the  same  type  of  logic  is 
applied  to  the  manufacturing  aspect,  skilled  labor  would  be  spread 
thinner,  which  would  have  adverse  implications  for  both  cost  and  qual¬ 
ity.  Another  potentially  significant  effect  would  be  on  overhead  rates. 
Presumably,  overhead  rates  will  fall  as  the  number  of  concurrent  pro¬ 
grams  (i.e.,  the  business  base)  increases. 


III.  DATA  OVERVIEW 


This  section  provides  a  brief  overview  of  the  database  on  which  our 
inferences  about  airframe  costs  are  based,  to  enable  the  reader  to  better 
assess  the  quality  and  applicability  of  the  results.  It  summarizes  the 
characteristics  of  the  full  34-aircraft  estimating  sample,  compares 
characteristics  by  mission  subsample,  and  concludes  with  a  comparison 
of  pre-1960  and  post-1960  characteristics. 


FULL  ESTIMATING  SAMPLE 
Aircraft  Characteristics 

Values  for  the  size,  performance,  construction,  and  program  charac¬ 
teristics  for  each  aircraft  in  the  fuli  estimating  sample  are  given  in 
Tables  8a,  8b,  and  8c.  These  data  lead  to  the  following  observations: 

1.  Minimum  and  maximum  values  for  airframe  unit  weight, 
empty  weight,  wetted  area,  speed,  and  climb  rate  each  span  a 
range  of  more  than  an  order  of  magnitude. 

2.  Several  of  the  continuous  variables  have  maximum  values  that 
fall  substantially  beyond  two  standard  deviations:  airframe 
unit  weight,  empty  weight,  wetted  area,  speed,  climb  rate, 
number  of  black  boxes,  number  of  test  aircraft,  and  maximum 
tooling  capability. 

3.  Based  on  any  of  the  three  size  measures,  the  C-5  is  approxi¬ 
mately  twice  as  large  as  the  next  largest  aircraft  in  the  sam¬ 
ple. 

4.  The  sample  does  not  include  any  aircraft  that  are  both  rela¬ 
tively  large  and  relatively  fast  (such  as  the  B-lA  would  have 
been,  with  an  airframe  unit  weight  of  approximately  160,000 
lb  and  a  speed  of  Mach  2).  This  point  is  illustrated  in  Fig.  2. 

There  are,  of  course,  differences  among  the  aircraft  which  are  not 
accounted  for  in  Tables  8a,  b,  and  c.  Some  of  the  differences  relate  to 
the  way  the  program  is  managed,  but  in  any  case,  it  is  difficult  to  find 
an  aircraft  without  at,  least  one  unique  aspect.  The  differences  listed 
below  are  indicative  of  the  tyjjes  that  are  difficult  to  account  for  in  a 
generalized  parametric  model: 
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Table  8a 

AIRCRAFT  CHARACTERISTIC  VALUES:  SIZE 
AND  TBCHNICAL/PERFORMANCE 

Size  Technical/Perforrnance 


Airframe 


Unit  Empty  Wetted 

Weight  Weight  Area 


Aircraft 

(lb) 

(lb) 

(ft") 

A-3 

23,931 

36,090 

3,899 

A-4 

6,072 

0,146 

1,144 

A-6 

23,499 

32,714 

2,650 

A-6 

17,160 

26,298 

2,100 

A-7 

11,621 

16,497 

1,890 

A-1 

14,842 

19,866 

2,463 

B-6 

112,672 

177,816 

16,660 

B-6 

32,686 

66,660 

6,460 

B/RB-86 

30,466 

42,640 

4,372 

C-C 

279,146 

320,086 

30,800 

C-130 

43,446 

88,107 

7,680 

C.133 

90,312 

114,690 

13,160 

KC.13I5 

70,263 

97,030 

10,770 

C-141 

104,322 

136,900 

14,100 

F3D 

10,136 

14,860 

1,843 

F3H 

13,698 

21,270 

1,908 

F4D 

8,737 

18,060 

1,600 

F-4 

17,220 

27,630 

2,160 

F-14 

26,600 

30,826 

.3,165 

F-16 

17,660 

26,796 

2,646 

F-10 

9,666 

14,062 

1,300 

F-18 

16,300 

20,683 

(b) 

F-S6 

6,788 

10,040 

1,070 

F-80 

18,119 

23,870 

(b) 

F-lOO 

12,118 

18,260 

1,509 

F-101 

13,423 

24,720 

2,(M10 

F-102 

12,304 

19,460 

2,170 

F-104 

7,963 

11,670 

1,078 

F-lOB 

19,301 

24,600 

1,008 

F-l()6 

14,620 

23,180 

2,230 

F-111 

33,160 

46,170 

2,580 

8-3 

18,636 

26,581 

2,607 

T-38 

6,376 

7,410 

(b) 

T-3a 

7,027 

9,763 

(b) 

Mean 

33,943 

48,021 

4,067 

Std.  dev, 

61,429 

61,703 

(1,308 

Range 

6,072 

7,410 

1,070 

279,146 

320,085 

30,800 

•OlasBlfiud, 
‘’Not  availttblt!. 


Maximum 

Speed 

Speed 

Claia 

Climb 

Rate 

(ft/min) 

Uieful 

Load 

Fraction 

_ _ 

646 

1 

6,060 

,486 

606 

1 

8,400 

,694 

1147 

3 

27,900 

.439 

661 

1 

10,000 

.683 

696 

1 

8,680 

.678 

389 

1 

5,100 

.669 

661 

1 

0,120 

.606 

1147 

3 

17,830 

.669 

648 

1 

6,000 

.487 

496 

1 

6,160 

.666 

320 

1 

3,900 

.532 

304 

1 

8,400 

,617 

627 

1 

6,900 

,877 

491 

1 

7,270 

,679 

470 

1 

4,100 

.484 

822 

1 

13,000 

.466 

828 

1 

20,200 

.427 

1222 

3 

40,600 

.608 

(a) 

(a) 

(u) 

(a) 

(a) 

(a) 

(a) 

,499 

(a) 

2 

(a) 

.674 

(a) 

2 

(b) 

,439 

590 

1 

7,650 

,410 

540 

1 

11,801) 

,347 

752 

2 

25,700 

,371 

872 

2 

29,600 

,493 

680 

2 

18,700 

,374 

1150 

3 

51,500 

.508 

1112 

3 

38,300 

.538 

1 153 

3 

34,606 

.303 

1262 

3 

12,600 

.533 

420 

1 

5,000 

.494 

600 

2 

28,600 

.387 

468 

1 

4,270 

.477 

764 

10,100 

„503 

321 

17,210 

,086 

304 

3,400 

.347 

1250-1 

50,000^ 

,077 

DATA  OVEUVIKW 
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Table  8b 

AIRCRAFT  CHARACTERISTIC  VALUES:  CONSTRUCTION 


Design  Carrier  Engine  Ratio  of  Ratio  of 

Ultimate  Capability  Location  Wing  Area  Ratio  of  Avionics  No.  of 


Aircraft 

Load 

Factor 

Desig¬ 

nator 

Desig¬ 

nator 

Wing 

Type* 

to  Wetted 
Area 

(EW-AUW) 
to  AUW 

Weight 
to  AUW 

Black 

Boxea 

A-3 

6.00 

2 

2 

2 

,200 

.60 

,086 

8 

A-4 

10.50 

2 

1 

2 

.227 

.80 

.084 

e 

A-5 

11.00 

2 

1 

2 

.237 

.39 

.110 

13 

A'6 

9.76 

2 

1 

2 

.261 

.48 

,170 

23 

A-7 

10.60 

2 

1 

2 

.222 

.33 

.069 

19 

A- 10 

4.93 

1 

2 

1 

.206 

.34 

.041 

14 

B-52 

3.00 

1 

2 

2 

.240 

.88 

,070 

24 

B-68 

3.00 

1 

2 

3 

.283 

,70 

(0) 

26 

B/UB-ae 

4.80 

1 

2 

2 

.178 

.40 

.092 

(e) 

C-6 

3.76 

1 

2 

2 

.201 

.16 

.017 

27 

C-130 

3.76 

1 

2 

1 

.230 

.34 

.086 

17 

C-133 

3.76 

1 

2 

1 

.203 

.19 

.021 

16 

KC.136 

3.78 

1 

2 

2 

.226 

,38 

(0 

16 

C-141 

3.78 

1 

2 

2 

.228 

.31 

.023 

26 

F3D 

9.00 

2 

1 

1 

.218 

.47 

.146 

9 

P3H 

11.26 

2 

1 

2 

.272 

,63 

.060 

6 

F4D 

9.60 

2 

1 

3 

.371 

.84 

.216 

0 

F-4 

12.76 

2 

1 

2 

.247 

.60 

.101 

14 

F-14 

(c) 

2 

1 

4 

.179 

.39 

.112 

21 

F-15 

11.00 

1 

1 

2 

.230 

,63 

,090 

24 

F-10 

(c) 

1 

1 

2 

.210 

,47 

(c) 

(0 

F-18 

(c) 

2 

1 

2 

<c) 

.'26 

(c) 

(c) 

F-88 

11.00 

1 

1 

2 

,200 

,48 

.106 

4 

F-89 

8.60 

1 

1 

1 

(c) 

.32 

(c) 

9 

F-lOO 

1 1 ,00 

1 

1 

2 

.26,6 

.61 

,016 

5 

F-101 

11.00 

1 

1 

2 

.170 

.84 

,076 

9 

F-U)'2 

10,60 

1 

1 

3 

.306 

,68 

,164 

9 

F-U)4 

11.00 

1 

1 

2 

.182 

,46 

.076 

(1 

F-lOfi 

KI.OO 

1 

1 

2 

.193 

.27 

.074 

11 

F-106 

10.60 

1 

1 

3 

.312 

,59 

.190 

11 

F-111 

1 1 ,00 

1 

1 

4 

.203 

.39 

.081 

18 

S-3 

6,26 

2 

2 

2 

.2‘21) 

.44 

,2'20 

.'13 

T-38 

11.00 

1 

1 

2 

(c) 

,38 

(0) 

7 

T-39 

11.00 

1 

2 

2 

U') 

,39 

. (0) 

10 

Mean 

8,57 

-. 

... 

.233 

,40 

.094 

16 

Std.  clev. 

3,40 

.... 

.... 

... 

,044 

.17 

.068 

8 

Rango 

3.00- 

.r/s 

,16- 

.010  ■ 

4 

13.00+ 

.371 

,84 

.220 

33 

"1  -  straight;  2  •> 

swei.h.;  3  - 

delta;  4  - 

variable  sweep. 

''ClanHlfleci, 

'  Not  avnilnhle. 
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Table  Be 

AIRCRAFT  CHARACTERISTIC  VALUES:  PROGRAM 


Aircraft 

No.  of 
Test 
Aircraft 

Maximum 

Tooling 

Capability 

New  Engine 
Designator 

Contractor 

Experience 

Designator 

Program 

Type 

Designator 

A-3 

B 

8 

1 

2 

2 

A-4 

g 

40 

1 

1 

2 

A-6 

11 

6 

1 

2 

1 

A-e 

a 

8 

2 

2 

1 

A-7 

7 

24 

1 

1 

1 

A-10 

a 

IB 

1 

2 

2 

B-62 

13 

10 

2 

1 

2 

B-68 

30 

8 

2 

2 

1 

B/RB-66 

14 

10 

2 

1 

1 

C-6 

10 

2 

2 

1 

1 

c-iao 

9 

18 

2 

2 

2 

C-133 

U) 

2 

2 

1 

1 

KC-136 

8 

15 

1 

1 

2 

C-141 

5 

0 

1 

1 

1 

F3D 

13 

20 

1 

2 

2 

F3H 

18 

13 

2 

1 

2 

F4D 

13 

20 

2 

1 

2 

F-4 

7 

Ifi 

1 

1 

1 

F-14 

12 

8 

1 

1 

1 

F-16 

20 

12 

2 

1 

1 

F-16 

10 

(a) 

1 

2 

2 

F-18 

13 

(a) 

2 

1 

2 

F-86 

12 

30 

2 

1 

2 

F.8B 

0 

25 

1 

2 

2 

F-lOO 

13 

no 

1 

1 

2 

F-101 

17 

20 

1 

1 

1 

F.102 

31 

45 

1 

2 

1 

F-104 

10 

20 

2 

1 

2 

F-lOf) 

ir. 

17 

2 

1 

1 

F-106 

20 

29 

1 

1 

1 

F-lll 

18 

21 

2 

2 

1 

8-3 

8 

5 

2 

2 

1 

'r-38 

14 

24 

1 

2 

2 

'r-39 

4 

5 

2 

1 

2 

Mean 

13 

17 

Std.  (lev. 

7 

12 

.... 

Hanfte  4-3t 

“Not  iivuilHlile. 

2  no 

Maximum  speed  (kn) 


2S 


AIRCRAFT  AIRFRAME  COST  ESTIMATINO  RRI^TIONSHIPS 


1.  The  C-130  and  C-133  are  turboprop  aircraft,  while  all  other 
sample  aircraft  utilize  turbojet  or  turbofan  engines. 

2.  The  KC-136  was  designed  and  produced  more  or  less  con¬ 
currently  with  the  commercial  707  model. 

3.  The  B/RB-66  was  produced  concurrently  with  the  A-3,  the 
aircraft  from  which  it  evolved. 

4.  The  F-102  did  not  meet  its  speed  performance  specifications 
until  after  a  major  redesign. 

6.  The  F-106  and  A-7  were  outgrowths  of  the  F-102  and  F-8  pro¬ 
grams,  respectiveiy. 

6.  The  F-lll  was  the  first  aircraft  for  which  common  Air 
Force/Navy  usage  was  made  a  requirement  at  inception. 

7.  The  B-58's  utilization  of  honeycomb  skin  panels  represented  a 
major  state-of-the-art  advance. 

8.  The  C-5  program  utilized  the  acquisition  concepts  of  total 
package  procurement  and  concurrent  development  and  pro¬ 
duction. 

9.  The  A-10  program  utilized  competitive  prototyping  and 
design-tu-cost  acquisition  concepts. 

Cost  Data 

The  cost  data  used  in  this  study  were  obtained  from  both  govern¬ 
ment  and  industry  sources.  As  stated  previously,  data  plots  for  each  of 
the  major  cost  elements  (engineering,  tooling,  manufacturing  labor, 
manufacturing  material,  development  support,  flight  test,  and  quality 
control),  as  well  as  total  program  cost,  are  provided  in  Appendix  A.’ 
The  relative  importance  of  each  cost  category  is  shown  in  Table  9  as  a 
function  of  production  quantity.  As  one  might  expect,  the  labor, 
material,  and  quality-control  elements  become  increasingly  important 
as  quantity  increases,  while  engineering,  tooling,  development  support, 
and  flight  test  become  less  important.  Clearly,  other  thinf  being 
equal,  one  would  want  the  estimating  relationships  derived  for  the  two 
manufacturing  categories  to  be  the  most  accurate  because  of  the  rela¬ 
tively  large  contribution  of  these  categories  to  program  cost. 


'In  previous  RAND  reports  on  airframe  cost  estimation  (Refs.  1,  2,  and  3), 
proprietary  restrictions  prevented  the  inclusiun  of  on.y  cost  information  ivtiatsoever.  How¬ 
ever,  for  this  update,  we  felt  that  it  was  valuable  to  be  able  to  visually  establish  relation¬ 
ships  amont;  the  observations.  Consoquently,  we  obtained  permission  from  the  manufaC' 
turers  to  pro  ide  tlio  cost  data  in  ttraphical  format.  We  were  not  given  permissiop  to 
present  the  data  in  lahular  format,  nor  did  we  roquest  sucii  permiesion. 


DATA  OVBRVIHW 
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Table  9 

COST.BLBMBNT  DISTRIBUTION.  BY  PRODUCTION  QUANTITY* 


Glamtnt 

Quantity 

2& 

60 

100 

200 

% 

I/lb'- 

% 

l/lb" 

% 

l/lb" 

% 

BnglnMring 

229 

25 

131 

22 

74 

19 

42 

16 

Tooling 

173 

19 

104 

18 

62 

16 

36 

13 

Manufaotutlng  labor 

230 

26 

178 

30 

136 

34 

103 

38 

Manufacturing  material 

87 

9 

74 

12 

63 

16 

66 

20 

Davelopniant  support 

86 

9 

43 

7 

22 

6 

11 

4 

Flight  t«it 

93 

10 

47 

8 

23 

C 

12 

5 

Quality  control 

26 

3 

19 

3 

16 

4 

12 

6 

Total 

923 

100 

694 

100 

396 

100 

271 

100 

‘Avtragei  for  i\ill  eittmating  lampie  (34  aircraft). 

^Cumulatlva  average  coati  (in  thouaanda  of  1977  dollara)  per  pound  of 
airframe  unit  weight. 


MISSION  SUBSAMPLES 
Aircraft  Charaoterlstios 

Table  10  provides  an  indication  of  how  aircraft  characteristics  vary 
with  mission  type.  As  one  would  expect,  the  fighter  and  attack  aircraft 
are  roughly  comparable  in  size;  the  bombers  and  transports  are  much 
larger.  In  terms  of  combat  engagement  characteristics  (speed,  climb 
rate,  and  design  ultimate  load  factor),  the  ordering  (from  low  to  high) 
is  bomber/transport,  attack,  and  fighter;  for  payload  capability  (useful 
load  fraction)  the  order  is  reversed.  In  terms  of  the  two  packaging 
ratios  (ratio  of  [EW-AUW]  to  AUW  and  ratio  of  avionics  weight  to 
AUW),  the  attack  and  fighter  aircraft  are  essentially  equivalent,  while 
the  bomber/transport  aircraft  are  significantly  lower.  On  the  other 
hand,  the  bomber/transports  have,  on  average,  substantially  more 
black  boxes  than  do  either  the  attack  or  fighter  aircraft.  Finally, 
planned  production  rates  for  attack  and  fighter  aircraft  are,  on  average, 
roughly  twice  those  of  hornber/transport  a'rcraft. 

Cost  Data 

Airframe  costs  per  pound,  by  mission  type,  are  shown  in  Table  11. 
As  one  might  expect,  the  relatively  light,  fast  fighters  are  the  most 
expensive  per  pound,  while  the  large,  relatively  slow  bombers  and 
transports  are  the  least  expensive.  The  data  also  indicate  that,  on 
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DATA  OVKHVIEW 
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Tttbto  11 

AIRFRAME  COSTS,  BY  MISSION  TYPE* 


Elsmant 

Fighter 

Subaample 

bomber/ 

Transport 

Subiample 

Attack 

Aircraft 

Subaample 

Numbar  of  obsorvatlont 

17 

a 

7 

Avaragt  alrfram*  unit  weight,  lb 

lB,t60 

96,167 

16,379 

Avnage  ipaed,  kn 

932 

649 

606 

Coil  distribution,  $/lb'’  (%) 
Englnoaring 

14S  (21) 

43  (16) 

114  (22) 

Tooling 

104  (IB) 

46  (17) 

70  (13) 

Manufacturing  labor 

219  (31) 

100  (37) 

186  (36) 

Manufacturing  material 

94  (13) 

61  (19) 

74  (14) 

Davelopmant  support 

66  (8) 

9  (3) 

26  (6) 

Flight  teat 

69  (8) 

10  (4) 

28  (6) 

Quality  control 

29  (4) 

11  (4) 

22  (4) 

ToUl 

710  (100) 

270  (100) 

619  (100) 

‘Avoragai  for  Individual  tubitampiai. 

*’CutnuTative  average  oueti  (Itt  thouaandi  of  1977  dollata)  per  pound 
of  airframe  unit  weight  at  a  quantity  of  100. 


average,  the  fighter  and  attack  programs  tend  to  put  relatively  more 
emphasis  on  the  development  phase  (engineering,  development  support, 
and  flight  test)  than  do  bomber/transport  programs  and  relatively  less 
on  the  manufacturing  phase  (tooling,  labor,  and  material). 


CHANGES  OVER  TDME 

As  will  be  discussed  in  Secs.  V  and  VI,  in  our  analyses  of  both  the 
full  estimating  sample  and  the  fighter  subsample,  we  noted  that  several 
of  the  derived  equations  tended  to  underestimate  the  costs  of  the  most, 
recent  sample  aircraft,  We  believe  this  is  u  result  of  the  t.vmbined 
effec.ts  of  numerous  design -related  and  institutionul  changes  that  have 
occurred  over  the  1948-1978  time  period  (e.g.,  the  increased  emphusia 
on  electronics,  along  with  changes  In  materials  of  construction, 
manufacturing  iiroiiesses,  and  the  regulatory  framework).  We  ori¬ 
ginally  planned  to  develop  specific  me.H9urea  that  would  reflect  these 
changes,  but  this  approach  did  not  prove  to  ba  as  successful  as  we  hud 
hoped  it  would  be.  For  many  of  the  lore  abstract  concepts,  we  could 
not  develop  unambiguous  measures.  And  even  where  relatively  unam¬ 
biguous  measures  could  be  developed  and  tested,  the  results  were  mar- 
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ginal  at  best.  Consequently,  two  alternative  approaches  were  investi¬ 
gated: 


1.  Deletion  of  older,  less  relevant  aircraft  from  the  sample. 

2.  Incorporation  of  a  time  variable  (date  of  first  flight)  into  the 
equations  that  exhibited  the  underestimation  problem. 

In  trying  the  first  approach,  we  deleted  all  aircraft  from  the  sample 
with  first  flight  dates  prior  to  1960.  To  provide  some  limited  insight 
into  the  types  of  changes  that  have  occurred,  aircraft  cost  and 
weight/spoed  characteristics  for  the  pre-1960  and  post- 1960  time 
periods  are  compared  in  Table  12.^ 

At  first  glance,  it  appears  that  average  program  costs  actually 
decreased  (from  $407/lb  to  $384/lb).  However,  closer  examination 
reveals  that  this  conclusion  is  driven  by  two  very  large  transport  air¬ 
craft,  the  C-141  and  the  C-6  (for  a  given  quantity  of  aircraft,  the  C-141 
and  C-6  account  for  roughly  two-thirds  of  the  total  po8t-1960  airframe 
unit  weight  produced).  Excluding  these  two  aircraft  results  in  a  78  per¬ 
cent  increase  in  per  pound  costs.  Further  analysis  of  the  individual 
subsamples  suggests  that  the  increased  costs  are  largely  attributable  to 
fighters,  which  increased  in  both  average  speed  and  average  size  by 
roughly  60  percent.  The  fighter  and  attack  aircraft  data  also  suggest 
increased  emphasis  on  engineering  and  development  support,  and  the 
fighter  data  show  considerably  higher  costs  for  manufacturing  materi¬ 
als  and  development  support. 


‘‘‘The  choice  of  1960  os  a  brenkpoint  does  not  Imply  u  hard-and-fast  dlatinctlon 
between  the  pre-1960  and  post-tOBO  aircraft.  Rather,  It  represente  n  balance  between 
deleting  older,  potentially  leee  relevant  obeervatiuiiH  and  uttumptlns  to  molntnln  an 
acceptable  eampic  alre, 


IV.  APPROACH 


Potential  explanatory  variables  have  been  divided  into  four  general 
categories— size,  performance,  construction,  and  program  (see  Table  2). 
Ideally,  an  airframe  cost  estimating  relationship  would  incorporate  at 
least  one  variable  from  each  category,  but  from  a  practical  standpoint, 
concern  about  collinearlty  among  the  size  and  performance  explanatory 
variables  led  to  a  limit  of  one  explanatory  variable  that  could  be  incor¬ 
porated  into  an  estimating  relationship  from  any  single  category.' 
Thus,  there  could  be  as  many  as  four  variables  per  equation,  but  no 
more  than  four.  For  a  relatively  large  sample,  such  as  the  all-mission 
dataset  that  has  34  observations,  the  possibility  of  four  variables  per 
equation  does  nut  cause  any  concern  (for  a  sample  sizo  of  34,  the 
resulting  equation  would  still  have  29  degrees  of  freedom  with  which  to 
estimate  the  error  term).  On  the  other  hand,  for  very  small  samples, 
B<ich  as  the  bomber/transport  subsample  (8  observations)  and  the 
attack  aircraft  subsample  (7  observations),  the  possible  incorporation 
of  four  independent  variables  does  not  seem  to  be  particularly  prudent 
(the  resulting  equations  would  have  only  3  and  2  degrees  of  freedom, 
respectively,  with  which  to  estimate  the  error  term).  Therefore,  we 
tentatively  limited  the  potential  number  of  explanatory  variables  fur 
these  two  aubsamples  to  two.  Then,  in  order  to  stay  between  the 
extremes,  the  number  of  explanatory  variables  per  equation  for  the 
fighter  subsample  (17  observations)  was  tentatively  limited  to  three. 
These  limits  are  summarized  in  the  following  table; 


Number  of  l.lmlt  on  Number  of 
Sample  ObservationH  Kxpl«nut.ory  Vi\riiibluH/(’.ICH“ 


All  mlmilon  typos 
FlRhter  aircraft 
Homlier/traiiapnrt  alrcriifl 
Attack  aircraft 


114  4 

17  H 

8  2 

7  2 


'Strictly  apeakiiiK,  concernn  about  collinearlty  in  the  itir.e  unci  performance  catenorluH 
ahould  not  limit  the  numhar  of  explanatory  variablen  cunaidered  in  the  conatructlon  and 
program  variable  cafegorlea,  However,  the  limit  wbh  extended  to  theae  other  two 
categories  to  keep  the  analytical  effort  within  reUMunablu  liounda,  Kvtm  ho,  uh  the  Hulwe- 
quent  analyaia  will  shnw,  the  pimeihility  of  more  than  one  coimfruction  vurialile  or  one 
program  variable  per  equation  Ih  a  moot  point;  It  wax  difllcult  to  identify  aecepfal)lii 
equationa  incorporating  even  one  cunHtrucliun  vuriuiile  or  one  program  varluhle, 

"Thia  la  not  to  auggeat  that  thoae  limita  are  “aljaolute"  maxinumiH  they  are  not. 
'I'tiey  almply  reflect  our  judgment  regarding  an  appropriate  lialnnre  lietwuen  Humple  ai/.e 
and  the  polenlial  number  of  explanatory  varlalilea. 
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Given  these  limitations,  the  question  then  became  one  of  which 
combinations  of  categories  to  consider.  To  the  best  of  our  knowledge, 
all  airframe  manufacturers  use  some  measure  of  size  (usually  weight) 
as  their  basic  scaling  dimension  in  developing  cost  estimates,  although 
other  factors  frequently  do  enter  in.  Consequently,  it  does  not  seem 
unreasonable  for  us  to  assume  that  a  size  variable  must  appear  in  all 
equations.^  Given  this  additional  restriction,  the  specific  variable  com¬ 
binations  we  examined  for  each  sample  are  shown  in  Table  13. 

An  additional  complication  arose  from  the  fact  that  we  were  not 
developing  a  single  CER,  but  a  aet  of  CERs.  Normally,  the  develop¬ 
ment  of  a  representative  set  of  CERs  would  require  selecting  the  “best” 
equation  fur  each  cost  element.  However,  past  experience  indicates 
that  the  resulting  equation  set  would  contain  different  size  and  perfor¬ 
mance  variables  (e.g.,  the  engineering  CER  might  utilize  airframe  unit 
weight/speod,  while  the  tooling  CER  uses  empty  weight/climb  rate). 
This  would  give  the  analyst  the  unenviable  task  of  trying  to  explain 
why  one  size/performance  variable  combination  predicts  cost  more 

Table  13 

VARIABLE  COMBINATIONS  B.'CAMINED' 


Snmple 


Pull 

Bomber/ 

Attack 

Estimating 

Fighter 

Tranxport 

Aircraft. 

Sample 

Sample 

Sample 

Sample 

Variable  Combination  Oronp'' 

(Max,  -  4) 

(Mux.-  H) 

(Max,-  1!) 

(Max.-  2) 

Cumblnationa  inoorporotlng 
elze  and  perfornta  ice 
vurlablex  only 

.S 

S/P 

S 

.S/P 

S 

H/P 

,s 

,S/P 

CumblnalionH  that 

S/IV(^ 

S/P/C 

S/(’ 

.S/(^ 

additionally  incorporate 

.S/l’/PC 

.S/P/P(i 

.S/P(l 

8/P(; 

cuiiBtructlon/program 

S/P/C/I'C 

S/C 

variiiblea 

S/P(i 

OomblnatloiiB  that 
additionally  incorporate 
fighter  technology  index 

S/P/Tl 

‘S  -  size;  P  performuncci  C  -  CDimlniclloii;  I'O  «  prugriini;  T1  -  fightor  leiih- 
nnlogy  index. 

The  reaenti  for  tlieue  grnupIngH  ie  explained  In  the  iieeoinpiinying  text. 


■'Except  for  the  flight-teat  coat  element,  for  which  the  mandatory  variable  waa  the 
number  of  teat  aircraft. 
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accurately  for  one  coat  element  while  another  combination  predicts 
coat  more  accurately  for  another  cost  element.  Furthermore,  variable 
interaction  (e.g.,  interaction  between  speed  and  rate  of  climb)  would 
make  the  user’s  input  tusk  more  difficult.  On  the  other  hand,  such 
mixing  of  size  and  performance  variables  could  in  fact  be  the  preferred 
solution.  Consequently,  where  applicable,  two  types  of  equation  sets 
have  been  developed:  one  that  maintains  the  integrity  of  the  set  size 
and  performance  variables  and  one  that  utilizes  the  “best”  equation  for 
each  cost  element  regardless  of  the  size  or  performance  variables. 

The  first  step  in  addressing  the  three  study  premises  delineated  in 
Sec.  I  was  to  identify,  by  sample,  ail  potentially  usefiil  estimating  rela¬ 
tionships  for  each  coat  element  resulting  from  the  variable  combina¬ 
tions  listed  above.  For  this  Hrst  step,  “potentially  useful"  included  only 
those  estimating  relationships  in  which  all  equation  variables  were  sig- 
niHcant  at  the  6  percent  level.  Bach  equation  satisfying  this  initial 
screening  criterion  was  then  scrutinized  in  accordance  with  a  set  of 
evaluation  criteria  dealing  with  statistical  quality,  reasonableness  of 
results,  and  predictive  capability  (described  below). 

At  this  point,  we  addressed  the  marginal  benefit  of  adding  a 
construction/program  variable  or  an  objective  technology  index  to  the 
estimating  relationships.  This  was  done  by  comparing  the  estimating 
relationships  in  variable  combination  groups  2  and  3  (see  Table  13) 
against  the  corresponding  “baseline”  estimating  relationships  in  group 
1.  Assuming  that  everything  else  was  roughly  comparable,  the  primary 
measure  used  to  assess  the  benefit  was  the  improvement  in  the  stan¬ 
dard  error  of  estimate  when  the  construction/program  variable  or  tech¬ 
nology  index  was  incorporated. 

The  next  step  was  to  develop,  for  each  sample,  the  two  types  of 
alternative  equation  sets  discussed  previously.  For  the  first  type,  this 
consisted  of  selecting  the  “best”  estimating  relationship  for  each  of  the 
"most  promising”  sir, e/performance  combinations  for  each  cost  ele¬ 
ment.  For  the  second  type,  it  consisted  of  selecting  the  single  “best” 
estimating  relationship  for  each  cost  element.  Generally  speaking,  we 
tried  to  select  estimating  relationships  that  satisfied  the  following 
objectives: 

•  Each  variable  Is  sigulficant  at  the  6  percent  level. 

•  Variables  taken  collectively  are  significant  at  the  5  percent 
level. 

•  Credible  results  are  produced. 

•  There  are  no  unusual  residual  patterns. 

•  The  standard  error  of  estimate  is  minimized. 
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We  next,  selected  a  “recommended”  set  for  each  sample.  This  selec¬ 
tion  was  based  primarily  on  a  comparison  of  the  individual  equation 
standard  errors  of  estimate  and  how  well  (in  terms  of  relative  devia¬ 
tion)  the  sets  as  a  whole  estimated  the  coats  of  a  subsample  of  four 
recent  aircraft. 

Finally,  the  “recommended"  sets  of  estimating  relationships  for  each 
mission  sample  were  compared  to  the  “recommended”  set  for  the  total 
aircraft  sample  to  address  the  issue  of  sample  homogeneity, 

Multiple-regression  analysis  was  used  to  examine  the  relationship 
between  coat  and  the  explanatory  variables.  Because  of  time  restric¬ 
tions,  we  tested  only  one  equation  form— logarithmic  linear.  The 
linear  model  was  rejected  because  its  main  analytic  property,  constant 
returns  to  scale,  does  not  correspond  with  real-world  expectations.  Of 
the  two  remaining  equation  forms  considered  (logarithmic  and 
exponential),  the  logarithmic  form  seemed  most  appropriate  for  the 
cost  estimation  process,  since  it  minimizes  relative  errors  rather  than 
absolute  errors.  Also,  a  prior  RAND  study  that  examined  the  loga¬ 
rithmic  and  exponontial  forms  in  the  context  of  airframe  CERs  con¬ 
cluded  that  "the  logarithmic  model  form  appears  more  realistic  than 
the  exponential  form  on  both  prior  judgment  and  subsequent  analysis 
of  the  residuals."'* 

Cost-element  categories  that  are  a  function  of  quantity  were  exam¬ 
ined  at  a  quantity  of  100.  Developing  the  estimating  relationship  at  a 
given  quantity  rather  than  using  quantity  as  an  Independent  variable 
in  the  regression  analysis  (as  was  done  in  Ref,  2)  has  the  following 
advantages: 

•  It  provides  an  extra  degree  of  freedom. 

•  It  avoids  potential  serial  correlation  problems. 

•  It  avoids  unequal  representation  of  aircraft  (cuused  by  unequal 
numbers  of  lota). 


EVALDATION  CRITERIA 

The  estimating  relntionahips  obtained  in  this  aniilyaia  were 
e^'alunted  on  the  basis  of  their  statistical  quality,'^'  intuitive  rea,‘jonable 
ness,  end  predictive  properties. 


■'Her,  '.ta,  |).  ;io, 

irc  liuhi'd  I'll  llu!  |i)Kiuill'.ii>i('  I'onii  ‘.if  tlu'  i.'quiitioi). 
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Statistical  Quality 

Even  with  the  limitHtions  placed  on  possible  variable  combinations 
in  this  study,  the  potential  number  of  estimating  relationships  is  still 
substantial.  The  numbers  for  the  engineering  cost  element  alone  for 
each  sample  are  shown  below: 


Total  sample . 387 

Fighter  sample . 456 

Bomber/transport  sample .  45 

Attack  sample .  45 


To  reduce  the  number  of  estimating  relationships  requiring  closer  scru¬ 
tiny,  we  used  variable  significance  as  an  initml  screening  dovlce--in 
general,  only  equations  for  which  all  variables  were  significant  at  the  6 
percent  level  (based  on  a  oiie-siiled  t-teat)  were  presented  in  our  sam¬ 
ple  results  (reported  in  the  companion  Notes).  (Jccasionully,  however, 
this  criterion  was  relaxed  so  that  a  useful  comparisoir  could  bo  pro¬ 
vided  or  so  that  the  requirement  for  integrity  of  sei  si/e  and  perfor¬ 
mance  variables  could  be  fulfilled. 

Tire  following  statistical  measures  and  checks  were  ulno  utilized  in 
the  evaluation  process  and  are  presented  in  the  companion  Notes: 

•  The  coefficient  of  determination  (R'^)  was  used  to  indicate  tlio 
percentage  of  variation  explained  by  the  regression  equation. 

•  The  standard  error  of  estimate  (SEE)  was  usetl  to  indicate  the 
degree  ttf  variation  of  data  about  the  regression  equation,  It  is 
given  in  logarithmic  form  but  may  he  convorled  into  a  (tes'ceii- 
tage  of  (111;  corresponding  hour  or  dollnr  value  by  performing 
the  following  calc.uluUons: 

(a)  -  1 

(b)  e  -  1 

For  example,  a  logarithmic  sluiulurd  error  of  (UH  yields  stun 
dard  error  percentages  of  +110  and  -K?  of  the  corresponding 
hour  or  dollnr  vultie. 

•  T'be  F-distrihutic/ii  was  used  to  determine  collectively  wlielher 
the  explanatory  variables  lieing  evaluated  affect,  cost.  (^lenernlly 
speaking,  those  equntions  for  which  the  iirolmliility  ol  the  mill 
hypothesis  was  greater  than  0.0,5  were  avoided  when  selecting 
rejn'esentative  equation  sets. 

•  We  checked  for  potential  mult icolH non rity  prc-blems  by  deter¬ 
mining  the  correlation  of  eacli  iiuie]iemient  variable  in  an 
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eatimating  relationahip  with  ail  other  independent  variables  in 
that  relationship,  Generally,  wo  avoided  estimating  relation¬ 
ships  with  intercorrelations  greater  than  0.8. 

•  Plots  of  equation  residuals  were  given  cursory  examinations  for 
unusual  patterns.  In  particular,  plots  of  residuals  versus  predic¬ 
tions  (log/log)  were  checked  to  make  sure  that  the  error  term 
was  normally  distributed  with  zero  mean  and  constant  variance. 
Additionally,  plots  of  residuals  versus  time  (log/linear)  were 
examined  to  see  whether  or  not  the  most  recent  airframe  pro¬ 
grams  were  overestimated  or  underestimated  Generally  speak¬ 
ing,  estimating  relationships  with  patterns  were  not  considered 
for  use  in  representative  equation  sets. 

•  "Cook’s  Distance"  was  utilized  to  Identify  intluential  observa¬ 
tions  in  the  least-squares  estimates,”  It  combines  individual 
measures  of  residual  magnitude  and  "location"  within  the  factor 
apace  to  produce  a  measuro  of  the  overall  impact  any  single 
point  has  on  the  least-squares  solution.  For  purposes  of  this 
analysis,  an  influential  observation  was  one  which,  if  deleted 
from  the  vegression,  would  move  the  least-squares  estimate  past 
the  edge  of  the  10  percent  confidence  region  for  the  equation 
coefficients.  When  an  observation  was  consistently  identified 
as  influential,  it  was  reassessed  in  terms  of  its  relevance  to  the 
sample  in  question.  If  a  reasonable  and  uniform  justificuiiun 
for  its  exclvmion  could  be  developed,  the  observation  was  deleted 
from  the  sample  and  the  regressions  were  rerun  (in  fact,  this 
occurred  only  when  the  B-fiS  was  deleted  from  the 
bomber/transport  sample),  Otherwise,  the  influential  observa¬ 
tion  wus  simply  flagged  to  alert  potent  ial  users  to  the  fact  that 
its  deletion  from  the  regression  sHini)le  would  rcsvilt  in  a  signifi- 
cant  change  in  the  equation  ('(tefrieientH. 

Reasonableness 

Variable  coefficients  used  in  airfrumo  CEIls  should  both  provide 
credible  results  and  coni'orm  whenever  po-ssihle  to  the  normal  estimat¬ 
ing  procedures  employed  by  tlie  airframe  industry,  'rhus,  nn  estimat¬ 
ing  relationship  with  a  variable  cordficient  sign  that  was  not  consistent 
with  a  priori  notions  (see  'I'nlile  H)  was  not  considered  for  inclii,si()n  in 
a  lepresnntative  equation  set.. 

We  also  paid  close  ..Utention  to  the  magnitude  ot  varial)k'  eoefti- 
cieuts  U)  ensure  lliat.  realistic  results  were  ohtained  from  all  equations. 


''S(^f  Ki'f.  iri. 


AmcKiVn’  AlUFUAMI-l  C’IIS“|-  KS’l'IMA'I'INi;  Hl;i,A  I'lDNSHM'S 


■lO 


Table  14 

A  PRIORI  NOTIONS  REGARDING  EFFECT  OF  INCREAaE 
IN  EXPLANATORY  VARIABLE  ON  COST  ELEMENT 


Mfg.  Mfg.  Dov,  Flight  Quality  Total 
Explanatory  Variable  Engr.  Tooling  Labor  Material  Support  Teat  Control  Program 


Site 

Airframe  unit  weight  (AUW)  + 

Empty  v^eight  (EW)  + 

Wotted  area  + 

Tochnlcal/performance  factorri 
Maximum  apeed  ^ 

Spaed  data  + 

Spaolflc  power  + 

Maximum  tpednv  utiorgy  + 

Climb  rate  + 

Maximum  auetalned  load  factor  + 

Thruat-to-welght  ratio  + 

Breguet  range  factor  -f 

tiaeful  load  fraction  r 

Predicted  firit  flight  dote 
(teohnology  index)  t- 

Predicted  flrai  flight  data 
(compotlte  performanco)  + 

Conitructlon 

Deaign  ultimate  load  factor  -t 

Structural  efficiency  factor'' 

Carrier  capability  deaigiiator'  * 

Engine  location  dealgnator'' 

Wing  type  dealgnator*  t 

Ratio  of  wing  area  to  wollod  tiroa 
Ratio  of  (EW.AUW)/AUW  + 

Ratio  of  avloitlca  v.ulghi  to  AUW  + 
Number  of  hladr  buxea  + 

Progrant 

Number  of  teel  aircraft 
Mnxiinu'iu  loiillng  ccpahlllt.v 
Now  engine  ilexlgmitur'  t 

(^oiilriicliir  ex|ivrli<iu'u  ilcHlHiuildr'  t 
Woiipun  nyetcni  dciilaiiiitiir''  t 

I’rogrmn  type  dexlgiuilur*  '!' 


+  + 

+  + 


4- 

4*  4- 

+  + 

+  + 

+  + 

+  + 

+  + 

+  + 

+  4* 

4- 

4* 

+  4* 

4- 

4 

4- 


4 

(  ( 

t  •» 

?' 


+ 

4- 

+ 

f 

4* 

4* 

4- 

4- 

4* 

t 

+ 

+ 

+ 

4- 

¥ 

4* 

4* 


4*  4-  + 

4■  4-  4- 

4-  +  ‘f 


4*  4'  + 

4-  4-  + 

4-  4*  ■+■ 

'  4  + 

4-  4*  + 

+  4*  4 

4-  4*  *4 


+  4- 

i*  *4  4 

■4 

■4  + 

4-  4' 

4-  +  -t- 

4  4  4 

4  4  H- 

4 


4  I  I- 

»  4  •» 

■H  <11 


4 

+ 

4 

■4 

4* 

+ 

+ 

4 

4 

4 

4- 


4 

4 


4 

•! 


+ 

+ 

+ 


■f 
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NOTE;  A  plua  Indlciilco  a  punitive  cfiect;  ii  niliuiH,  ii  nvgiillve  cflecl.  An  elii'il  llml  wiin  tinmiiht 
to  bo  ncgllgllilc  in  Indicated  by  a  blank,  and  u.i  uncortaln  effect  Ir  Indicated  by  a  (|uei*tliiii  mark. 

'Speed  clitaH:  I  «  Iohh  than  Miieb  .1)5;  ‘i  -  Macb  .lib  to  Mach  l.tM;  .1  «  Mncl)  l.bb  to  Mach  'Jib;  I 
greater  than  Mach  '.^.b. 

''laiw  valucM  are  more  dlrilcult  In  achieve. 

'  No  «  1;  yea  -  '2. 

''Engine  lucullon;  ombeilried  In  fuaelcge  >  I;  in  niicellaia  under  wing  -  'i. 

'Wing  lypoe;  1  •>  otralahl:  2  -  iiwiim;  II  delta;  -I  -  vnriublu  aweup. 

'Yoh  «  1;  no  •  2. 

‘Oniuiirrcnt  -  1;  pmlnlype  -  2 

''Over  time,  major  amicmbly  liibor  biairH  liiivo  li’lided  In  decreaoe  iHa'anae  ol  iinpruvcnicniK  in 
immufaclurlng  inulliuilH  lii.p.,  nnlllml  dcHign),  while  lubrication  lalmr  boiira  Inivc  lended  In  IncreiiHc 
hocmioe  nf  Ibe  InIrndnclInn  nl  litanluin  and  cnmpoHlle  imilerlida.  The  lun  effect  Ii.ih  la'en  a  decreane 
in  niamifacl tiring  bnnra. 

'll  la  nut  kniiwn  wliellier  Inlal  innl  lincinding  bnth  pnilolype  etinri  and  full  aciile  ileveliipnienl )  fur 
prnliilype  prngrainH  in  greater  iir  Icnn  Ilian  I  bat  for  ciiiicnrieni  prugramH 
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This  applied  to  coefficients  that  appeared  to  be  too  small  as  well  as  to 
those  that  appeared  to  be  too  large.  The  situation  is  especially  critical 
with  respect  to  dummy  variables  (e.g.,  the  contractor  experience  desig¬ 
nator),  where  the  answers  are  most  often  given  in  terms  of  all  or  noth¬ 
ing.  While  most  determinations  of  this  kind  are  subjective,  there  was 
one  application  that  was  relatively  objective.  Traditionally,  size  vari¬ 
ables  provide  returns  to  scale  in  the  production-oriented  cost  elements 
(tooling,  labor,  material,  and  total  program  cost)— that  is,  increases  in 
airframe  size  are  accompanied  by  less-than-proportionate  increases  in 
cost,^  If  the  opposite  phenomenon  is  observed,  it  is  generally  believed 
to  be  the  result  of  falling  to  adequately  control  for  differences  in  con¬ 
struction,  materials,  complexity,  and/or  other  miscellaneous  production 
factors.  Consequently,  we  generally  tried  to  avoid  estimating  relation¬ 
ships  containing  variables  with  exponents  that  we  felt  were  either  too 
large  or  too  small  (that  is,  exponents  that  placed  either  too  much  or 
too  little  emphasis  on  the  parameter  in  question).  But  even  more  re- 
strictively,  for  the  production -oriented  cost  elements,  no  estimating 
relationship  possessing  a  size  variable  ei.ponent  greater  than  one  was 
considered  for  a  representative  equation  set. 

Predictive  Properties 

Confidence  in  the  ability  of  an  equation  to  accurately  estimate  the 
acquisition  cost  of  a  future  aircraft  depends  largely  on  how  well  the 
acquisition  costs  of  the  most  recent  aircraft  in  the  database  are 
estimated.  Normally,  statistical  quality  and  predictive  quality  are 
viewed  as  one  and  the  same.  Unfortunately,  when  dealing  with  air¬ 
frame  costs,  this  is  not  always  the  case,  because  our  knowledge  of  what 
drives  airframe  costs  is  limited  and  because  the  sample  sizes  we  are 
dealing  with  are  relatively  small  imd  not  evenly  distributed  with 
respect  to  first  flight  date  (see  Fig.  3).”  Conseiiuently,  vie  also 
evaluated  the  estimating  relationships  on  the  basis  of  how  well  they 
eHtimated  costs  for  u  subset  of  the  most  lecent  aircraft  in  the  database, 

An  equation's  predictive  capability  can  usually  be  seen  by  excluding 
a  few  of  the  most  recent  aircraft  from  the  regression  and  then  ubRorv- 
ing  how  well  (in  terms  of  the  relative  deviation)  the  resultant  equation 
estirnates  the  costs  of  the  excluded  aircraft.  However,  in  this  case,  the 

concept.  (Int.eH  Isick  to  the  etirly  l!t40H  mid  the  Ho-ctillml  AKCIO  I’lictor  (which 
took  III)  nttme  (rom  the  World  Wur  11  Aircraft  lleHour.'OB  (.‘oulrol  Office). 

"Only  aircraft  In  the  KANO  uirframe  coet  dalnlniee  are  rollecled  in  I.IiIh  I'inure,  Kirel 
tllHhlH  of  modification  aircinfl,  iilrcriifl  that  never  entered  product  ion  (e.K,,  the  |t'-107), 
and  recent  idTcran  for  which  a  production  iinantity  of  lilt)  him  not  yet  liuen  renchud  (c.k,, 
the  H  IH)  are  HpecincHlly  cMdudH 
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Attack  aircraft 


(2  Bomber/transport  aircraft 


1950  19BS  1960  1966  1970  1975  1980 


Year 

Fig.  3“-Numbor  of  first  flight  events,  1918 -1 978 

small  sample  sizes  preclude  this  option.  Consequently,  the  measure  of 
predictivo  capability  used  in  this  analysis  was  the  relative  deviation  for 
a  subset  of  recent  sample  aircraft.  The  relative  deviations  were  deter¬ 
mined  on  the  basis  of  the  predictive  form  of  the  equation,  not  the  loga¬ 
rithmic  form  uaed  in  the  regression.” 


SUPPORTING  DOCUMENTATION 

The  companion  Notes  (see  Preface)  provide  sufficient  inform  ition  to 
enable  users  to  make  their  own  judgments  concerning  the  appropriate¬ 
ness  of  the  “recommended”  set.  The  Notes  contain; 

o  Plots  of  cost  versus  airframe  unit  weight  for  each  coat  element. 

•  Summary  tables,  by  cost  element,  of  all  estimating  relationships 
nieeting  our  initial  screening  criterion  (each  variable  significant 

''li  cosi,  iH  Hsiimutetl  in  ii  loK-liiiBur  IPriii  hucIi  hh 

In  COST  ..  fi„  I  (f,  In  WKKIHT  l  fi.  In  SVEKI)  I  In  <  , 
the  uxHivTuci  i;oHt  iH  |<ivcn  by 

COST  ■  ((’"  WEiailT  STKEl)  ''■)  x  c  ■*''  ''  , 

whur“  fi’’  is  the  uctuul  viiriaiict!  of  i  in  the  lot'  lim-.iir  ctiMiiUon,  Mince  i.iie  lU'iiml  varianw 
in  not.  known,  the  HtaiLilard  error  of  eatinmUi  cun  be  naud  aa  an  apprnxitnalion  (aoo  K«f. 
2'.!,  p.  44). 
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at  the  6  percent  level).  Additional  information  includes  the 
F-ratio,  coefficient  of  determination,  standard  error  of  estimate, 
number  of  observations,  interrorrslation  thresholds,  identifica¬ 
tion  of  residual  patterns  and  influential  observations,  and  com¬ 
ments  on  the  reasonableness  of  results  (sign  and  magnitude  of 
variable  coefficients). 

The  presentation  of  all  equations  meeting  cur  initial  screening  criterion 
serves  two  purposes.  First,  it  enhances  understanding  of  the  factors 
that  affect  airframe  costs  (e.g.,  those  characteristics  that  are  significant 
in  the  context  of  the  variable  combinations  investigated).  Second,  It 
provides  alternatives  that  may  be  better  suited  to  a  particular  situation 
than  the  recommended  set.  Clearly,  the  selection  of  a  “recommended" 
set  for  each  sampla  is  by  nab  r<i  subjective.  Consequently,  our  "recom¬ 
mended”  sets  should  be  viewed  only  as  possible  solutions.  All  relevant 
results  should  be  reviewed  before  a  course  of  action  is  selected. 


V.  FULL  ESTIMATING  SAMPLE  RESULTS 


RECOMMENDED  SET  OF  CERs 

Generally,  for  each  of  the  airframe  cost  categories,  we  were  able  to 
Identify  at  leant  a  half>dozen  potentially  useftil  estimating  equations. 
Nevertheless,  we  selected  one  set  of  equations,  which  we  considered  to 
be  the  most  representative  and  applicable  to  the  widest  range  of 
estimating  situations.  ‘  This  sat,  which  utilizes  empty  weight  and  speed 
as  the  basic  size/performance  variable  combination,  is  presented  in 
Table  16. 

The  estimating  rulationshlpa  in  Table  16  are  based  on  a  subsample 
of  only  13  aircraft.  We  chose  not  to  use  the  full  sample  because  obser¬ 
vations  made  during  the  course  of  the  analysis  raised  questions  con¬ 
cerning  the  applicability  of  some  of  the  older  aircraft  In  the  sample  to 
aircraft  of  the  future.  More  Bpecifically,  the  engineering,  manufactur¬ 
ing  material,  development  support,  flight-test,  and  total  program  CEHs 
tended  to  underestimate  the  costs  of  the  most  recent  aircraft.  An  addi¬ 
tional  analysis  of  post- 1960  aircraft  indicated  that  this  subsample 
would  be  a  better  gttide  to  the  future. 

The  estimating  relationships  in  the  recommended  equation  set  vary 
significantly  in  statistical  quality.  Four  of  thorn  have  standard  errors 
of  estimate  of  about  O.SO,  while  the  other  three  have  standard  errors  of 
estimate  uf  about  0.50  or  greater.  None  of  the  equations  meets  our 
standard-error-of-estimate  goal  of  O.IB.^  On  the  other  hand,  the  lowest 
standard  errors  of  estimate  in  the  set  are  associated  with  cost  elements 
(tooling,  labor,  and  material)  that  typically  account  for  66  percent  of 
total  program  cost  at  a  quantity  of  100;  at  a  quantity  of  200,  these  ele¬ 
ments  account  for  71  percent.  Finally,  despite  the  sample  stratifica¬ 
tion,  there  is  still  some  tendency  for  the  engineering,  development  sup¬ 
port,  and  total  program  cost  equations  to  underestimate  the  costs  of 
the  most  recant  sample  aircraft. 


‘Th«  complete  onalyeii  of  the  full  eetlmatinK  enmple  in  provided  In  Note 
N-2283/1-AF,  Aircraft  Airframe  Coat  Eitimatlnn  Relationship):  All  Mission  T'ypea. 

vniue  of  0.18  (roughly  ;i:20  percent)  ae  a  goal  may  seem  high.  Howeve.'.  paat 
RAND  experience  (eec  Reft.  I,  2,  and  3)  Indicatea  that  the  derivation  of  an  alrfrome 
CER  with  thla  low  a  atundard  error  of  eatlmate  would  be  quite  an  accompllehment. 
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Table  19 

SET  OF  AIRFRAME  CRRi  BASED  ON  SAMPLE 
OF  la  POST-1960  AIRCRAFT 


Equation 

R’ 

SEE 

F 

N 

CERs  fot  Individual  Coat  Elementa 

ENQRioo  -  .0103  EW®;  8?®,) 

,72 

.66 

13 

13 

TOOLioo  -  .0201  BW®,  SPj^, 

.62 

.25 

56 

13 

LABRiao  -  Ml  EWiigS,, 

.88 

.31 

38 

13 

MATLioo  -  .241  EW(»^)  SP(!8|j) 

.61 

.30 

61 

13 

D8  -  .09.61  EW®,  SP^,8Ys) 

.84 

.82 

6 

13 

FT  -  .687  BWj®)  8P®;  TB8TAC/,bVo) 

.83 

.48 

16 

13 

QC|q^  **  iOV6  X  LAUR^qo  if  f^AFyfo 

— 

— 

2 

••  .133  K  LABRiuq  If  noncargo 

— 

— 

11 

CER  for  Total  Program  Coat 

PROQioo  -  2.87  EWi% 

.88 

.36 

26 

13 

NOTE;  Airframe  coito  may  be  catlmated  at  the  major  coet-element 
level  or,  alternatively,  directly  at  the  program  level. 

R’'  >  ooafflolent  of  determination;  SEE  «  atandard  error  of  eatlniate 
(logarithm);  F  •  F-etatlitlc;  N  •  lample  al».  Numbere  In  parentUeaea 
ore  algnlflcanco  levela  of  Individual  varlablea.  Notation  In  equatlona  la 
defined  In  the  Hat  of  Acronyme  and  Abbrevlatlona  (p.  xlll). 

Siiggeeted  ooet-quantlty  ilopea  and  labor  ratea  to  be  uaed  In  oorvjunc- 
tlon  with  thle  aet  ere  provided  In  Appendix  D. 


CONSTRUCTION/PROGRAM  VARIABLES 

Our  attempts  to  incorporate  construction  and  program  characteris¬ 
tics  were  not  successful.  Althdugh  variables  characterizing  the  equip¬ 
ment  placed  within  the  airframe  structure  and  contractors’  relevant 
experience  were  frequently  found  to  be  statistically  significant,  they  did 
not,  as  a  rule,  result  in  any  substantial  improvement  in  the  quality  of 
the  equations,  In  most  cases,  the  equations  incorporating  such  vari' 
ables  did  not  produce  results  that  we  viewed  as  credible.  Moreover, 


46 


AinCUAFT  AIRFRAMK  COST  ESTIMATING  RELATIONSHIPS 


even  in  those  few  instances  where  the  equations  did  produce  credible 
results,  the  reduction  in  the  standard  error  of  estimate  was  never  more 
than  two  or  three  percentage  points. 


COMPARISON  WITH  DAPCA-IU  RESULTS 

Overall,  the  statistical  quality  of  the  set  of  airframe  CERs  presented 
here  is  not  much  different  from  that  of  the  previous  set  of  RAND- 
developod  airftame  CERs  (DAPCA-III).^  A  comparison  of  the  stan¬ 
dard  errors  of  estimate  of  the  two  sets  (Table  16)  yields  mixed  results; 
Those  of  the  current  set  are  lower  for  the  tooling,  labor,  and  material 
cost  elements,  but  higher  for  engineering,  development  support,  and 
flight  test,  Furthermore,  there  is  little  difference  in  the  accuracy  with 
which  the  two  sets  project  the  costs  of  the  subsample  of  13  post- 1960 
aircraft  (see  Table  17),  However,  since  only  two  of  the  current 
equation-set  estimated  fall  short  of  the  corresponding  DAPCA-III  esti¬ 
mates  (see  Table  18),  and  the  shortfalls  are  both  small,  it  is  not  unrea¬ 
sonable  to  suggest  that  the  current  equation  set  will  produce  estimates 
that  are  greater  than  or  uqual  to  thoM  produced  by  DAPCA-III. 


Table  10 

COMPARI8UN  OF  STANDARD  ERRORS  OF  ESTlMAl'Ei 
DAPCA-llI  AND  CURRENT  RECOMMENDED  &BT 


.Standard  Error  of 
Eatlniate  (U>k) 


Cost  ICtomonl 

nAPCA-m 

Curi'enl 

Englneerli'.H 

o.afi 

O.fifi 

TooMna 

0.41 

0  25 

Manufacturing  Ivlior 

0.64 

0,:tl 

Manufacturing  inateriid 

o.;to 

Uevelopment  support 

0,72* 

0.62 

O.0fl'‘ 

Flight  test 

0.44 

0,48 

Total' program 

0.27 

•Labor  component  of  development  aupport. 
'’Mai.erlnl  component  of  developinnnt  Hupport, 


^The  DAPCA-IU  eatimatlng  relatlonihipt  are  given  In  Appendix  C. 
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Table  17 

RELATIVE  ACCURACY  OP  ESTIMATES  OBTAINED  USING 
DAPCA-III  AND  CURRENT  EQUATION  SETS 
(Percent  by  which  actual  coat  excecda  (4-) 
or  falls  short  of  (-')  estimated  coat) 


Sum  of  Elements  Total  Program  CER 


Alroratt 

DAPCA-m 

Current 

DAPCA-lIl 

Current 

A-6 

+11 

0 

+10 

+  0 

A-7 

-81 

-86 

86 

-85 

A- 1.0 

+16 

+13 

+17 

+1B 

C-6 

+11! 

+  4 

+14 

+  6 

C-141 

-43 

-64 

-40 

-67 

K.4 

+  7 

-14 

+  2 

-16 

F-111 

+17 

+  2 

+  16 

+  7 

K-U 

-7 

-22 

-11 

-20 

P.16 

+  9 

-16 

+  6 

-  5 

P-16 

-8 

-23 

-13 

-20 

F-18 

+36 

+33 

+34 

+36 

T.39 

-36 

-37 

-40 

-39 

s-a 

+44 

+30 

+45 

+40 

Average  of  absolute  values 

26 

27 

26 

27 

Number  underestimated  (+) 

8 

5 

8 

6 

Number  overestimated  (-) 

6 

7 

B 

7 

Table  16 

COMPARISON  OP  ESTIMATES  OBTAINED  USING  DAPCA-IH 
AND  CURRENT  EQUATION  SETS 


Percent  by  Which  Current  Set 
Estimate  Exceeds  (+)  or  Kails 

Characteristics  Short  of  (-)  DAPCA-Ill  Estimate 


Aircraft 

Airframe 

Unit 

Weight 

(lb) 

Empty 

Weight 

(lb) 

Speed 

(kn) 

Sum  nf 
Elements 

Total 

Program 

(CEH) 

17,160 

26,298 

661 

+  13 

+  11 

A-7 

11,621 

16,497 

696 

+  2 

0 

A-10 

14,842 

19,860 

389 

+  2 

+  1 

C-B 

279,146 

320,086 

496 

^  9 

+  10 

C-141 

104,322 

130,000 

401 

+16 

+  16 

F-4 

17,220 

27,630 

1,222 

+23 

+  18 

P-111 

33,160 

46,170 

1,262 

+  17 

+  11 

F-14 

26,600 

36,826 

1 ,00()+‘ 

+14 

+  4 

F-15 

17,660 

26,796 

1,(K)0+* 

+26 

+  14 

F-16 

9,666 

14,062 

l,000+‘ 

+  14 

+  6 

F-IB 

10,300 

20,683 

t,000+‘ 

+  5 

-  3 

T-39 

7,027 

9,763 

468 

+  1 

-  1 

.S-3 

18,636 

26,681 

420 

+  10 

+  9 

‘Actual  value  is  claHsiiied. 
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INCORPORATION  OF  A  TIME  VARIABLE 

As  stated  previously,  the  engineering,  manufacturing  material, 
development  support,  flight-test,  and  total  program  CERs  for  the  hill 
sample  tended  to  underestimate  those  costs  for  the  most  recent  sample 
aircraft.  Our  preferred  response  was  to  limit  the  sample  to  po8t-1960 
aircraft.  However,  another  approach  is  possible:  the  incorporation  of  a 
time  variable  into  those  equations  that  exhibit  a  pattern  of  underesti¬ 
mation.  Our  analysis  of  this  option  is  described  below. 

The  use  of  a  cumulative  time  variable  in  a  CER  is  not  a  new  idea 
(e.g.,  see  Refs.  3  and  4).  Such  measures  are  typically  utilized  when  it  is 
not  otherwise  possible  to  characterize  the  changes  in  cost  that  have 
occurred  over  time.  A  time  variable  invariably  captures  the  combined 
effect  of  shifts  in  many  diverse  factors,  including  the  regulatory  frame¬ 
work,  aircraft  “quality”  (factors  not  directly  related  to  speed  such  as 
maneuvering  capability,  the  materials  of  construction,  and  the  level  of 
system  integration),  and  improvements  in  production  technology  and 
labor  productivity,  Consequently,  when  using  a  CER  equation  that 
incorporates  a  time  variable,  the  analyst  must  ensure  that  the  same 
factors  will  be  operating  in  the  future,  and  that  they  will  operate  in  the 
same  manner.  Clearly,  the  opacity  of  such  time  variables  makes  this  a 
nontrivial  tnsk. 

The  specific  measure  of  time  we  examined  in  our  analysis  was  the 
aircraft’s  date  of  first  flight  (in  months  since  January  1,  1940).  After 
examining  the  relevant  full-sample  residual  plots,  we  looked  at  two 
forms  of  the  first  flight  date  (FFD)— linear  and  logarithmic.  Given  the 
logarithmic  form  of  the  dependent  variable,  the  linear  form  of  FFD 
results  in  an  accelerating  rate  of  cost  increase  (assuming  a  first  flight 
date  coefficient  greater  than  zero),  while  the  logarithmic  form  of  FFD 
results  in  a  decelerating  rate  (assuming  an  exponent  of  less  than  one). 
Unfortunately,  we  have  no  a  priori  notions  with  respect  to  whether  the 
rate  of  increase  is  increasing  or  decreasing. 

The  results  of  our  analysis  are  summarized  in  Table  19.  As  indi¬ 
cated,  from  a  statistical  standpoint,  the  two  sets  are  essentially  identi¬ 
cal.  Furthermore,  all  of  the  time-related  residual  patterns  have  been 
eliminated,  and  with  the  exception  of  the  tooling  equation,  both  sets 
have  standard  errors  of  estimate  that  are  either  roughly  equal  to  or 
better  than  those  of  the  13-alrcraft  poBt-1960  equation  set  (see  Table 
20). 

In  short,  the  introduction  of  a  time  variable  solves  the  underestima¬ 
tion  problem  and  generally  results  in  CERs  with  standard  errors  of 
estimate  lower  than  those  of  the  recommended  equation  set.  Unfor¬ 
tunately,  there  is  one  mqjor  difficulty— -we  are  unable  to  say  which  of 
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Table  19 

EQUATION  SETS  INCORPORATING  ALTERNATIVE  FORMS 
OF  TIME  VARIABLE 


Equation 

R“  1 

SEE 

P 

N 

Part.  A;  Linear  Incorporation  of  First  Flight  Date 

ENGR,„„ 

-  ,00861  BWjS,  SPiHo'ii,, 

,84 

.37 

54 

34 

TOOLioo 

»  .0691  EWjdlil,,  SPiSili, 

,78 

.36 

66 

34 

LABRiqii 

-  ,172  BWjS,  SPffl, 

.87 

,29 

103 

34 

MATLiuu 

.  infl  KW'^**‘*  qp.ilrt4  .(toilfK)  »  KKI) 

-  .iUtt  c^w  (.[,()())  ar(, ()(](, j 

.90 

.29 

03 

34 

UC)  -  .UUBHd  aP(, 0(111  e(,oiiii| 

.60 

,73 

16 

,34 

.  fin'?7A  qpl.llM  ^.OOHOW  n 

r  1  -  .uutm  tjw,d(n),  si'(,,|oo)  *  ^  *  Ao,d(io)  e,,(,(j!i) 

.79 

.62 

27 

34 

QCioo  - 

,086  X  LABR|,|,|  if  cargo 

- 

— 

... 

3 

- 

,127  X  ll'tioncurgo 

— 

... 

19 

PROOioo 

Ok')  L'W'WW  up.ll'lll  .,iKil4ll  '  I'M) 

.89 

.27 

79 

34 

Part  B;  Logarithmic  Incornoratlon  of  First  Flight  Date 

ENOR,oo 

'00016(1  EWi|jt(f[||  SPj][(|{||  FI  Di'i'ijij,, 

.84 

.30 

64 

34 

TOOL,,,,, 

■■  '0001 

.78 

,11(1 

66 

34 

1,AHK,„„ 

■  17^  Kw,s, 

87 

.29 

103 

31 

MATI,,„„ 

■  ,0070.1  I'lWiS,!,,  SI’;;™,,  |.'F1),™;„ 

.91 

.28 

99 

3.| 

DS  ..  .(lOOiiOtt  KWiiiiiio  FKl 

.60 

.7;i 

16 

3i 

FT  ..  ,()IH)27I  KWi^[iS„  Sl'i'IS,  TKSTA(^':ii;|„  FKI);';';,, 

,80 

.60 

30 

3'1 

.OHri  .■  IjAHUh,, 

M 

.Wl't  ■.  I/AMU|,„,  if  iKMUTU'i'i* 

19 

(l.|7  I'lW  SI'"''’  l.'l.'l)  ''' 

'  •  '  >>  (  (Hill)  1  1  (11)11)  '  1  1  'l.UII-Il 

.m 

.'.'.7 

,80 

3.1 

60 
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Table  20 

STANDARD  ERROR  OF  ESTIMATE  (LOG) 


CoBt  Element 

13-Alrcraft 

Poit-1960 

Sample 

34-Aircraft 
Sample  with 
Linear  FFD 

34-Aircraft 
Sample  with 
Logarithmic 
FFD 

Enidneerlng 

0.56 

0.37 

0.36 

Tooling 

0.26 

0.36 

0.36 

Manufacturing  labor 

0.31 

0.20 

0.29 

Manufacturing  material 

0.30 

0.29 

0,28 

Development  tupport 

0,62 

0,73 

0,73 

Plight  teit 

0.48 

0.62 

0.60 

Total  program  coat 

0.36 

0,27 

0.27 

the  two  FFD  forms  will  more  accurately  reflect  future  industry  experi¬ 
ence,  The  stHtlstical  analysis,  which  included  an  examination  of  resid¬ 
uals,  Indicated  that  the  two  sets  are  virtually  equivalent  in  terms  of 
explaining  the  variation  within  the  database.  The  inability  to  distin¬ 
guish  a  preferred  variable  form  has  significant  implications  for  estimat¬ 
ing  the  costs  of  future  aircraft.  As  illustrated  in  Fig.  4,  for  an  aircraft 
with  a  projected  first  flight  date  of  1995,  the  difference  in  assumptions 
(linear  FFD  vs.  logarithmic  FFD)  leads  to  a  difference  in  estimated 
cost  of  roughly  60  percent.  Because  of  tliio  large  variation,  we  do  not 
recommend  use  of  either  equation  set  incorporating  the  time  variable. 
We  feel  it  more  judicious  to  use  the  equation  set  without  a  time  vari¬ 
able  and  to  explicitly  identify  potential  changes,  estimate  their  likely 
effect,  and  then  adjust,  either  the  equations  or  resultin;;  estimates 
accordingly, 


1btal  prcgram  cost  (millions  of  1977  dollais) 
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1940  1960  1060  1070  1980  1990  2000 

Fig.  4— Tbta!  program  coat  as  a  function  of  time 
(based  on  sum  of  individual  elements) 


VI.  FIGHTER  RESULTS 


RECOMMENDED  SET  OF  CERs 

The  recommended  set  of  fighter  airframe  CERe  (Table  21)  utilizes 
only  one  variable— airframe  unit  weight— and  is  baeed  on  a  subsample 
of  six  poBt-1960  fightere.^  This  equation  set  provides  rosults  that  we 
believe  to  On  more  credible  than  those  produced  by  multiple  least' 
squares  regression  analysis  of  the  full  17-aircraft  fighter  sample.  Basi¬ 
cally,  we  were  not  entirely  satisfied  with  the  results  of  the  regression 

Table  21 

8BT  OF  AIRFRAME  CEBs  BASED  ON  SAMPLE 
OP  6  POST-1060  FIQHTEIRS 

ENGR,u„  ..  2.31  AUW”**' 

TOOLi,,,,  -  1.38  AllW-*’-' 

LAHRnw  ~  26,4  AMW'"’" 

MATLuki  -  ■13.3  AUW'*™ 

DS  -  ,76  X  ENGRC, 

KT  2710(1 'nwrAi-""' 

(JC  .142  X 

I'KlKl,,*,  (•..'•lO  AllW*'- 

NO'I'KH;  KN(!H('|  cum  In;  VHliiiiiiU'd  iw  I'oUiiWH; 

KNliUCli  -  ,470  X  KN(«R|ihi  X  $27.r>0  hr,  whmr 
.470  Ik  till'  iiiinrii'iirrlnit  imrlicin  <>1  (hi  liiliil 
migitii'i'rlMn  (ilTiirl  I'nr  (hi  Ill's!  100  nin'riil’l,  iinil 
$27, 60  In  Lhl  hilly  Inirdinul  In'urlv  iiiKliu'i'riMn 
I'lit.i.'  in  1077  iliilhirH. 

,Su|<g(mti(l  i'iiHt'i|iiiiii(ily  hIii|iih  iiiuI  hiliiir  niiiii 
III  bi  im.'d  in  I'liiijiini'liiiM  whli  iIiIh  sil  nri  iirnvidi'd 

in  Ap(ii.'iidi.\  11. 


'’I'hi  I'liinpliUi  riKhlir  imiil.VBiH  Ih  providiil  in  Noli  N-22H;i/2  .tF,  Aiirmft  Airfnmif 
('tml  Kflinuitinn  Ili'ltUhiinhiim:  I'inhtiTf 
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analysis  of  the  full  fighter  sample.  We  were  able  to  identify  only  e  sin¬ 
gle  acceptable  estimating  relationship  for  both  the  labor  and  material 
cost  elements  (which  together  account  for  roughly  60  percent  of  total 
cost),  and  in  neither  case  did  the  relationship  include  a  performance 
variable.  Furthermore,  during  the  course  of  the  analysis  we  identified  a 
tendency  for  all  the  fight^ara  except  one  to  cluster  by  time  period,  as 
shown  in  Fig,  6,  (The  F-18  is  the  exception  to  the  clustering  pattern.) 
Dnfoitunatoiy,  we  were  not  able  to  adequately  address  the  underlying 
causes  of  this  clustering.  But  since  these  CBRa  uve  intended  primarily 
for  prediction  and  not  for  historical  analysis,  it  .Heemed  quite  logical  to 
tuke  advantage  of  the  cluHtering  ohseivatlon.  In  short,  the  po8t-1960 
fighters  appeared  to  be  a  better  guide  to  the  coats  of  future  figliters 
than  did  the  Ihll  fighter  sample. 


Nal.jial  logarithm  of  jilrlrume  uni;  wnighi 


Fig  r)--'l\pit:(il  figbtor  cluster  pnttcrn 
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Since  there  were  only  alx  observations  in  the  post- 1960  sample,  one 
of  which  was  always  an  outlier  and  another  of  which  was  occasionally 
an  outlier,  the  equations  were  determined  by  subjectively  fitting  a  line 
to  the  plot  points  and  then  backing  into  the  initial  coefficient  and  vari¬ 
able  exponent.  The  fitting  for  each  coat  element  was  based  on  a  single 
variable,  airframe  unit  weight  (except  for  flight  test,  where  the  number 
of  test  aircraft  was  utilized).  The  ranges  of  characteristic  valines  of  the 
six  fighters  are  shown  below; 


ChuaoUrlitlo 

Poat-1960 

Databaea  Raitge 

AtrfTam*  unit  weight,  lb 

9,666  - 

33,160 

Empty  weight,  lb 

14,062  - 

46,170 

Speed,  kn 

1,000+  - 

1,280t 

Speoliio  power,  hp/lh 

1.94  - 

4+ 

Climb  raU,  ft/mln 

11,600  - 

60,000+ 

Number  of  flight-t«et  airoraft 

7  - 

20 

Note  that  while  specific  power  and  climb  rate  still  vary  over  a  fairly 
large  range,  the  range  of  spued  values  has  become  fairly  narrow. 


CONSTRUCTION/PROGRAM  VARIABLES 

With  the  exception  of  a  variable  that  distinguishes  the  older  Fighters 
(which  were  essentially  gun  platforms)  from  the  more  mode.n  fighters 
(which  have  sophisticated  fire  control  and  missile  armament),  our 
attempts  to  incorporate  construction  and  program  characteristics  were 
not  successful,  Although  several  of  the  variables  characterizing  equip¬ 
ment  placed  within  the  airframe  structure  were  found  to  bo  statistically 
significnnt,  they  did  not  generally  result  in  any  substantial  improve¬ 
ment  in  the  quality  of  the  equations.  In  most  cases,  the  equations 
incorporating  such  variables  did  not  produce  results  that  we  viewed  as 
credible.  Moreover,  even  in  those  few  instances  where  the  equations 
did  produce  credible  results,  the  reduction  in  the  standard  error  of  esti¬ 
mate  was  never  more  than  two  or  three  percentage  points. 


TECHNOLOGY  INDEX 

We  were  able  to  identify  only  one  equation  (that  for  the  engineering 
cost)  in  which  tlie  objective  technology  index  (PFFD)  was  significant  at 
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the  5  percent  level  in  the  context  of  the  tented  varibble  combination 
(nize/pcrformance/technology  index): 

R’  SEE  F 

ENGRioo  -  .00242  AUW/.ti8))  SPPWRiWi)  PFFDi!}?7fl)  .07  .16  134 
where 

AUW  ••  airframe  unit  weight  (lb) 

PFFD  «  predicted  first  flight  date  (months  since  January  1,  1940) 
SPPWR  -  specific  power  (hp/Ib) 

However,  the  correlation  of  AUW  and  SPPWR  with  the  technology 
index  is  greater  than  0.9.  Fuithermore,  the  equation  offers  little 
advantage  (in  terms  of  the  standard  error  of  estimate)  over  alternative 
forms  that  do  not  have  the  technology  index.  We  conclude  that  this 
index,  as  now  defined,  is  of  little  benefit  to  fighter  airframe  CERs. 
This  measure  is  really  a  composite  performance  variable  and  conse.. 
quently  very  highly  correl  'i-  1  with  most  of  the  performance  variables 
we  tested;  when  treated  ■  n  performance  variable  rather  than  as  a 
technology  index,  it  is  about  as  good  an  explanatory  variable  as  speed 
and  specific  power. 


COMPARISON  WITH  FULL  ESTIMATING  SAMPLE 
EQUATION  SET 

Table  22  compares  how  accurately  the  full  estimating  sample  equa¬ 
tion  set  (Table  16)  and  the  fighter  subsample  equation  set  (Table  21) 
estimate  the  costs  of  the  six  post-1960  fighters.  On  an  overall  average 
basis,  tlie  fighter  equation  set  does  slightly  better.  However,  the  two 
sets  differ  considerubly  with  respect  to  which  will  produce  the  higher 
estimate.  As  shown  below,  the  fighter  equation  set  produces  considera¬ 
bly  higher  estimates  than  the  full  sorapie  equation  set  for  the  F- 1(3  and 
F-18: 


Percent  by  Which  Flgliter  Sot  PiHllmato 
Exceed!  All-Mlnston  Set  Entlmate 


Sum  of 
Alrcreft  F.lemente 

F-16  8 

F-IB  22 


Tote! 

Ptogrsm  CKR 

a 

22 


f.(! 
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Table  22 

RELATIVK  ACCURACY  OF  ESTIMATES  OBTAINED 
USING  FULL  ESTIMATING  SAMPLE  AND 
FIGHTER  SUBSAMPLE  EQUATION  SETS 

(J.'ercBiii,  by  whiuh  uclun)  oosil  exceeds  (+) 
or  falls  ahort  cif  (-)  estimated  cont) 


Sum  of  ElcmotUa  'roi  id  I’rof'rnm  CEH 
All-Mlaalon  Fighter  All-MiHsion  Fighter 


Alrcrnft 

Sample 

Sar.'iple 

Sample 

Sample 

F--1 

-14 

-  f) 

16 

-  4 

F-nt 

+  11 

■4  fi 

■b  7 

+  7 

F-14 

-:?'2 

-17 

-'.’0 

-Hi 

Fir, 

-i.r 

-  1 

...  r, 

+  7 

F-IG 

-ail 

-;W 

-20 

F-18 

+  18 

-im 

4  22 

Averugp  of  ubuolute  vnlues 

18 

IM 

.17 

13 

Number  undorestlmuted  (4) 

2 

2 

3 

Number  overostiinatad  (-) 

4 

4 

4 

3 

Howftver,  for  the  remaining  fighters,  all  of  which  are  ”''ir  and  faster 
than  the  F-16  and  F-18,  the  all>miBaion  tyiR)  e>^uatio’.  ■ .  ■  jtids  to  pro¬ 
duce  greater  estimntea: 


Aircraft 

Percent  by  Which  AIl-MieMon  Set 
Eatimate  Exceoda  Fighter  Set  Eallmate 

Sum  of 
ElomeiitH 

'I'otal 

Program  CER 

F-4 

2 

11 

FI  11 

4 

1 

F14 

4 

4 

F-ir 

15 

13 

Exactly  which  equation  set  will  provide  the  higher  estimate  in  any 
given  aituntion  depends  on  a  number  of  factors,  including  the  uirend't’s 
absolute  weights  (airframe  unit  and  empty)  and  speed,  and  also  the 
relative  difference  in  its  empty  weight  and  airframe  unit  weight.  In 
general,  however,  it  appears  that  the  all-mission  type  equation  set  will 
produce  higher  estimates  for  relatively  heavy,  fast  fi(;hters,  while  the 
fighter  equation  set  will  produce  higher  nstiinatos  for  relatively  light, 
“idow”  fighters. 


VII.  BOMBER/TRANSPORT  RESULTS 


RECOMMENDED  SET  OF  CERs 

We  were  not  able  to  identily  any  acceptable  estimating  relationships 
for  any  of  the  individual  coat  elements  or  for  total  program  cost.'  We 
believe  this  failure  can  bo  attributed  to  three  factors; 

1.  Lack  of  variation  in  performance  variables, 

2.  The  distribution  of  aircraft  with  respect  to  size, 

3.  The  heterogeneity  of  the  sample. 

Lack  of  Variation  in  Performance  Variables.  Common  sense 
suggested  that  the  B-68  did  not  belong  in  the  bomber/transport  sam¬ 
ple.  It  is  a  relatively  small,  supersonic  aircraft,  while  the  remaining 
bombers  and  transports  are  relatively  large  and  subsotiic.  Purther- 
mon?,  the  data  plots,  especially  the  engineering,  material,  development 
support,  and  total  program  cost  plots,  showed  the  B-B8  to  be  comidera- 
bly  more  expensive  on  a  per  pound  basis  i.ban  the  other 
bomber/transport  aircraft.  Consequently,  wo  excluded  the  B-58  from 
our  analysis  of  the  bomber/transport  sample.  As  a  result,  most  of  the 
variation  in  the  i)rincipnl  performance  measures  (speed  and  climb  rate) 
was  lost. 

Distribution  of  Aircraft  with  Respect  to  Size.  Ikmuuse  they 
are  at  the  extremes  of  (be  bomber/transport  sample  with  respect,  to 
size,  th«  B/RB-dfi  and  C-.B  are  identified  as  innuential  observations  in 
nearly  every  equation  documented  in  Note  N-2;?,8;i/3-AF.  Tbi,s  point  is 
easily  visualized  from  Pig.  (1.  However,  we  did  not  feel  that,  size  alone 
•vns  a  sufficient  reason  for  excluding  the  aircraft  from  the  analysis, 
I'ni'l liermore,  any  attempts  to  develop  simple  scaling  I'dationsbips 
without  the  H/HB-(i(i  and  C-.B  are  likely  to  prove  futile,  siiiee  four  of 
the  five  remaining  aircraft  (KC-I.'15,  H-r)2,  C  l.'i,'!,  and  C-141)  tend  to 
line  up  vertically  wit  h  respect  to  weight  (dashed  box  in  h'ig,  (>), 

Hoterogenoity  of  the  Sample.  In  addition  to  being  small,  the 
Ham]ile  is  not  as  honiogeneous  a,s  it  appears  at  first  glance; 

•  'I'he  ('-130  and  C-1,'I3  are  propeller-driven  aircraft. 

•  'I’lie  H/RB-()()  and  KC-l.’i.B  wen'  evolntioimry  dcvelot»ments. 


'See  Nti'c  N  AK,  Airrraft  Airfnttnf  ('itst  lirhitiiniships:  iiamhotr 

(inrl  'I'ninsports. 
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Fig.  6— Typical  bomber/transport  plot  pattern 


•  The  B-62  was  into  its  fourth  Beries  (the  "D"  version)  by  the 
time  100  aircraft  had  been  produced. 

•  A  very  large  proportion  (approximately  50  percent)  of  C-141 
costs  represent  subcontract  effort;  this  may  have  distorted  the 
distribution  of  equivalent  in-plont  cost  (Ref.  2,  p.  50). 

•  The  C-5  program  utilized  the  acquisition  concepts  of  total  pack¬ 
age  procurement  and  concurrent  development  and  production. 

Given  this  much  diversity  in  such  a  small  sample,  it  would  have  been 
surprising  if  wo  had  been  able  to  develop  a  credible  set  of  CERs. 


CONSTRUCTION/PROGRAM  VARIABLES 

The  construction/program  variables  proved  to  be  of  little  help  in 
improving  the  quality  of  the  bomber/transport  CERs.  Each  of  the 
size/program  and  size/construction  equations  that  met  our  initial 
screening  criterion  with  respect  to  variable  significance  had  difficulties 
that  made  it  unacceptable. 


VIII.  ATTACK  AIRCRAFT  RESULTS 


RECOMMENDED  SET  OF  CER« 

We  were  not  able  to  identify  any  acceptable  estimating  relationships 
for  any  of  the  individual  coat  elements.*  We  believe  this  failure  can  be 
attributed  to  three  factors: 

1.  Lack  of  variation  in  performance  variables. 

2.  The  distribution  of  aircraft  with  respect  to  size. 

3.  The  heterogeneity  of  the  sample. 

Lack  of  Variation  In  Performance  Variables.  The  speeds  and 
climb  rates  for  all  the  sample  aircraft  except  the  A-6  are  clustered  in 
rather  narrow  ranges:  400-  to  650-kn  speed,  and  6,000-  to  8,000-ft/min 
climb  rate. 

Distribution  of  Aircraft  with  Respect  to  Size.  Because  it  is  at 
an  extreme  of  the  attack  aircraft  sample  with  respect  to  size,  the  A-4  is 
identified  as  an  influential  observation  in  nearly  every  equation  docu¬ 
mented  in  Note  N-2283/4-AF.  This  point  is  easily  seen  in  Pig.  7. 
However,  we  did  not  feel  that  small  size  was  sufficient  re.'ison  for 
excluding  the  A-4.  Furthermore,  any  attempts  to  develop  simple  scal¬ 
ing  relationships  without  the  A-4  would  result  in  equations  that  show 
extremely  strong  diseconomies  of  scale,  with  respect  to  size. 

Heterogeneity  of  the  Sample.  In  addition  to  being  small,  the 
sample  is  not  as  homogeneous  as  it  appears  at  first  glance: 

•  The  A-6  is  a  Mach  2  aircraft,  while  all  the  other  sample  aircraft 
are  subsonic.  Similarly,  the  A-5  climb  rate  is  over  twice  that  of 
all  other  attack  aircraft. 

•  I'he  S-3  places  considerably  more  emphasis  on  electronics  than 
any  of  the  other  sample  aircraft;  this  is  rellected  in  its  lilack 
box  count  and  its  ratio  of  avionics  weight  to  airframe  unit 
weight,  both  of  which  fail  approximately  two  standard  devia¬ 
tions  from  the  mean, 

•  The  /  ,  10  utilized  the  acquisition  concepts  of  competitive  proto¬ 
typing  and  design-to-cost.  In  addition,  it  is  the  only  aircraft  in 
the  sample  that  is  not  carrier- capable  and  that  does  not  have 
swept  wings. 

'See  Note  N-228!1/'1-,\K,  Aircraft  Airframe  Cost  Ustimatin/t  /ii'laliiinsliitt:  Altai//  Air¬ 
craft. 
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Fig,  7~'IVpical  attack  aircraft  plot  pattern 


•  The  A-7,  although  classified  as  a  new  design,  evolved  from  the 
F-8. 


CONSTRUCTION/PROGRAM  VARIABLES 

The  construction/program  variables  proved  to  be  of  little  help  in 
improving  the  quality  of  the  attack  aircraft  CERs.  Each  of  the 
size/program  and  size/construction  equations  that  met  our  initial 
screening  criterion  with  respect  to  variable  significance  had  difficulties 
that  made  it  unacceptable. 


IX.  CONCLUSIONS 


DEVELOPMENT  OF  AN  UPDATED  SET 
OF  AIRFRAME  CERt 

The  equation  set  that  we  feel  is  moat  generally  applicable  to  and  will 
most  accurately  reflect  the  range  of  eatlmating  situations  likely  to  bo 
encountered  In  the  hiture  is  the  one  presented  in  Table  16  (p.  46).  It  is 
based  on  a  subsample  of  13  poet-1960  aircraft.  We  believe  that  the 
post- 1960  experience  is  a  better  guide  to  the  future  than  the  full- 
sample  experience,  which  dates  back  to  1948. 

Empty  weights  for  the  sample  aircraft  range  from  under  10,000  lb  to 
over  .300,000  lb,  while  speeds  range  from  400  kn  to  over  1,260  kn.  The 
accuracy  of  the  CERs  in  the  recommended  equation  set  (as  measured 
by  the  standard  error  of  estimate)  varies  significantly.  Four  CERs 
have  standard  errors  of  estimate  of  about  0.30,  while  three  others  have 
standard  errors  of  estimate  of  about  0,60  or  greater.  None  of  the  equa¬ 
tions  meets  our  goal  of  0.18.  On  the  other  hand,  the  lowest  standard 
errors  of  estimate  in  the  set  are  associated  with  cost  elements  (tooling, 
labor,  and  material)  that  typically  account  for  66  percent  of  total  pro¬ 
gram  cost  at  a  quantity  of  100. 

The  ultimate  test  of  the  set’s  usefulness  will  be  its  capability  to  esti¬ 
mate  the  cost  of  future  aircraft.  Unfortunately  (from  an  estimating 
point  of  view),  airframes  are  changing  dramatically  with  respect  to 
materials  (e.g.,  more  extensive  use  of  composites),  design  concepts  (e.g., 
concepts  to  increase  fuel  efficiency  and  to  reduce  radar  cross  section), 
resources  devoted  to  system  integration  (e.g..  Integration  of 
increasingly  sophisticated  electronics  and  armament  into  the  airframe), 
and  manufacturing  techniques  (e.g.,  utilization  of  computers  and 
robots).  Although  we  do  not  have  the  data  to  demonstrate  it,  we  feel 
that  the  net  effect  of  these  changes  will  be  to  increase  unit  costs.  In 
other  words,  we  see  no  danger  that  the  recommended  equation  sot  will 
overestimate  the  costs  of  future  aircraft. 


OTHER  .STUDY  OBJECTIVES 

In  addition  to  attemiiting  to  develop  an  u[)dutecl  set  of  airframe 
CERs,  this  study  examined  in  some  detail  tlie  following  possibilities  for 
improving  CER  accuracy: 
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•  Stratifying  the  full  estimating  sample  into  subsamples 
representing  m^ior  differences  in  aircraft  type. 

•  Incorporating  variables  describing  program  structure  and  air¬ 
frame  construction  characteristics. 

•  For  the  fighter  aircraft  only,  incorporating  an  objective  technol¬ 
ogy  index  into  the  equations. 

With  respect  to  sample  stratiflcation,  we  examined  subsamples 
based  on  mission  designation-fighter,  bomber/transport,  and  attack. 
We  conclude  that  this  approach  offers  no  particular  advantage:  We 
were  not  able  to  identify  any  acceptable  estimating  relationships  for 
either  the  bomber/transport  or  the  attack  aircraft  subsamples.  We 
believe  this  is  attributable  to  the  small  number  of  aircraft  in  these  sub- 
samples  plus  the  fact  that  the  subsamples  are  not  nearly  ae  homogene¬ 
ous  as  the  mission  designations  might  suggest.  For  the  flghter  subsam- 
pie,  weight-scaling  relationships  were  developed  for  each  cost  element 
based  on  six  poBt-1960  fighters  (the  F-4,  F-lll,  F-14,  F-IS,  F-16,  and 
F-18).^  In  general,  this  set  of  equations  will  produce  larger  estimates 
than  the  all-mission  type  equation  set  for  relatively  light,  "slow” 
fighters  (e.g.,  the  F-16  and  F18)  and  smaller  estimates  for  relatively 
heavy,  fast  fighters  (e.g.,  the  F-14,  F-lll,  F-14,  and  F-16),  However, 
using  the  average  absolute  relative  deviations  of  the  six  poBt-1960 
fighters  as  a  basis,  we  found  that  the  fighter  equation  set  was  only 
slightly  more  accurate  than  the  all-mission  type  set  despite  the  focused 
database. 

We  also  conclude  that  the  incorporation  of  variables  describing  pro¬ 
gram  characteristics  and  airframe  construction  characteristics  does  not 
improve  the  overall  quality  of  the  equation  sets.  Although  variables 
characterizing  the  level  of  system  integration  were  frequently  found  to 
be  statistically  significant,  they  did  not,  as  a  rule,  result  in  any  sub¬ 
stantial  Improvement  in  the  quality  of  the  equations.  In  most  cases, 
the  equations  incorporating  such  variables  did  not  produce  results  that 
we  viewed  as  credible.  Moreover,  even  in  those  few  instances  where 
the  equations  did  produce  credible  results,  the  reduction  in  the  stan¬ 
dard  error  of  estimate  was  never  more  than  two  or  three  percentage 
points, 

Finally,  attempts  to  incorporate  an  objective  technology  index  into 
the  fighter  estimating  relationships  were  unsuccessful. 
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USE  OF  RESULTS 

The  following  potentially  uufUl  information  is  presented  in  this 
report  and  its  supporting  Notes: 

•  Recommended  equation  sets. 

•  Plots  of  cost  versus  airframe  unit  weight  for  each  cost  element. 

•  All  alternative  equations  meeting  our  initial  screening  criterion 
with  respect  to  variable  significance. 

We  have  presented  extensivu  documentation  to  assist  the  analyst  in 
deciding  on  an  appropriate  ct  urse  of  action.  Although  we  have  selected 
recommended  equation  sets,  the  ultimate  responsibility  for  their  appli¬ 
cation  rests  with  the  user,  w  ho  should  review  ail  of  the  results  before 
selecting  equations  for  a  particular  situation. 

Equation  Sets 

Recommended  sets  of  CElRs  have  been  provided  for  military  aircraft 
airframes  in  general  and  fighter  airframes  specifically.  These  equation 
sets  may  be  used  as  is,  or  they  may  be  tailored  to  fit  specific  cir¬ 
cumstances  (i.e.,  adjustment  of  initial  coefficient).  However,  even 
when  the  sets  are  used  as  is,  analysts  should  ensure  that  the  charac¬ 
teristics  of  the  proposed  aircraft  fall  within  the  range  of  the  database 
and  that  the  aircraft  does  not  possess  any  other  features  (i.e.,  non- 
database  characteristics)  that  may  set  it  apart. 

It  is  suggested  that  fighters  that  fall  within  the  limited  range  of 
applicability  of  the  tighter  equation  set  be  run  through  both  the  sub- 
sample  set  and  the  full  set.  Although  we  were  unable  to  develop  any 
compelling  justification  for  its  use,  we  did  determine  that  the  tighter 
equation  set  generally  produces  higher  estimates  for  lighter,  “slower" 
fighters  than  does  the  full  estimating  sample  set,  and  lower  estimates 
for  heavier,  faster  fighters.  Consequently,  we  believe  that  the  fighter 
set  should  be  viewed  as  a  complement  to  the  full  estimating  sample  set. 
Once  the  applications  have  been  made,  the  results  of  the  two  models 
can  be  contrasted,  ari '  only  if  there  is  a  significant  difference  in  the 
results  will  the  analyet  need  to  address  the  question  of  which  estimate 
to  use.  Even  then,  that  decision  will  probably  be  based  largely  on  per¬ 
sonal  preference.  For  example,  it  there  is  more  concern  with  the 
potential  adverse  effects  of  underestimation  than  with  those  of  overos- 
timation,  more  weight  will  clearly  be  given  to  the  higher  of  the  two 
estimates. 
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Data  Plots 

The  data  plots  in  Appendix  A  and  the  supporting  Notes  can  be  used 
to  estimate  the  costs  of  proposed  aircraft  by  analogy. 

Alternative  Equations 

Each  supporting  Note  contains  summary  tables,  by  cost  element,  of 
all  estimating  relationships  meeting  our  initial  screening  criterion  (i.e., 
each  variable  is  significant  at  the  6  percent  level).  It  is  entirely  poBsi> 
ble  that  in  some  situations  one  of  the  alternative  equations  may  be 
more  appropriate  than  the  recommended  one. 


FUTURE  WORK 

No  study  of  the  tme  described  here  la  ever  complete.  One  nnalysli 
leads  to  another  od  Infinitum,  until  at  some  point  it  Is  neoeseary  to 
call  a  halt,  present  the  results,  and  go  on  to  something  else.  We  have 
gone  down  a  number  of  paths  suggested  by  persons  inside  and  out¬ 
side  of  RAND  and  found  that  most  terminate  in  a  oul-de-sao.  None 
of  the  many  independent  variables  considered  offers  much  hope  of 
Improving  the  reliability  of  estimates  obtained  using  only  weight  and 
speed." 

Interestingly,  this  was  the  conclusion  reached  by  the  analysts  who 
developed  the  previous  set  of  RAND  airframe  CERs,  and  it  is  equally 
applicable  now. 

With  reepect  to  future  airframe  CER  efforts,  there  may  be  some  as- 
yet-untested  variables  that  will  help  to  improve  equation  accuracy. 
Variables  that  reflect  differences  in  airframe  design  concepts,  materials 
composition,  manufacturing  methods,  contractor  capability,  and  the 
system  integration  effort  appear  to  show  the  most  promise.  However, 
developing  unambiguoue  measures  for  these  churacteristica  and  collect¬ 
ing  the  necessary  data  will  bo  a  major  effort.  And  if  such  dellnition 
and  collection  efforts  are  not  expected  to  be  successful,'’  there  is  pro¬ 
bably  little  merit  in  undertaking  future  studies  of  this  type.  We  say 
this  for  two  reasons!  First,  over  80  percent  of  the  aircraft  designs  in 
the  RAND  estimating  sample  ate  now  more  than  116  years  old,  and 
only  about  1,0  percent  are  less  than  16  years  old.  Second,  new  Kirl'raine 

'■“Ref.  6,  p.  51), 

'*W«  admit  1(1  HkaptUdHiii  ,m  Iwn  I’liuntH.  Kiral,  vva  dimiii.  tluit  I’lmdH  wmild  ever  bii 
uiiuki  nviiHiildd  to  iiil.aiiipt.  mich  (\n  iiiukrInkInK.  Suooiid,  we  think  it,  in  proltiemal.ie 
wiicliior  omninh  (intii  rmiki  Im  I'Dllec.leii  for  viiriiiiiitm  HOcii  iin  I.Ikih'.'  tieHcriiiocl  to  (io  a 
('roiiii)Iu  HtutiHlioiti  iinalyHiH  at  any  price 
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starts  have  slowed  down  dramatically  (only  two  new  airframe  designs 
have  entered  operational  service  since  1974— the  F-16  and  the 
F'13)/  Thus,  If  analysts  cannot  account  for  technological  and  system- 
integration  differencen  between  the  older  and  newer  aircraft  in  the 
sample,  the  relevant  (i.e.,  technologically  similar)  estimating  sample  is 
probably  going  to  be  too  small  to  permit  any  type  of  statistical 
analysis. 


^Furthsnnon,  w«  wsrt  ablt  to  rtadlly  idsntlfy  only  two  niw  sirflrtm*  dtilgni  on  ths 
Immedlatt  horlion-»th«  C-17  and  tha  ATB  (Advanoad  Taohnology  Bombar)— unlaaa  we 
Inoluda  the  poaalblllty  of  tha  F-IS  (aaa  Raf.  32,  p.  7;  Raf.  33,  p.  11;  and  Ref.  34,  p,  39)  In 
which  oaaa  thara  arc  three.  In  tha  lonftr  run,  only  the  ATA  (Advanced  Tactical  Attack 
aircraft)  and  tha  ATF  (Advanced  Tactical  Fighter)  are  readily  apparent.  Intaraitlngly,  a 
brief  review  of  ongoing  and  racantly  concluded  Air  Force  and  Navy  aircraft  procurement 
Indloatei  that  a  fair  number  of  aircraft  programs  have  used  existing  or  modifled  alr- 
flramai!  the  AV-BA,  AV-BB,  B-IB,  C-6B,  E-3,  B-4,  EF-111,  KC-10,  and  TR-1. 


Appendix  A 


COST  ELEMENT  DEFINITIONS  AND  DATA 

PLOTS 


Work  breakdown  structure  (WBS)  categories  included  in  the  RAND 
airframe  cost  structure  are  shown  in  Table  A.I.'  A  matrix  mapping 
contractor  cost-data  reporting  (CCDR)  categories’’  and  relevant  WBS 
categories  into  specific  RAND  airframe  cost  elements  is  provided  In 
Table  A.2. 


DEFINITIONS 

Engineering 

In  general,  the  engineering  cost  element  encompasses  the  hours 
expended  in  the  study,  analysis,  design,  development,  evaluation,  and 
redesign  of  the  basic  airframe  as  well  as  the  system  engineering  and 
project  management  efforts  undertaken  by  the  prime  contractor.  More 
specifically,  it  includes  engineering  for  design  studies  and  integration; 
for  wind-tunnel  models,  drop  model,  mockups,  and  propulsion-system 
tests;  for  laboratory  testing  of  components,  subsystems,  and  static  and 
fatigue  articles;  for  preparation  and  maintenance  of  drawings  and  pro¬ 
cess  and  materials  specifications;  and  for  reliability.  Also  included  are 
the  hours  expended  for  the  sustaining  engineering  function  (through 
the  stated  quantity).  The  sustaining  function  covers  such  things  ns 
customer  support/liaison,  identifying  ways  to  correct  operationally 
revealed  deficiencies,  and  suggesting  possible  system  improvements. 
Engineering  hours  not  directly  attributable  to  the  airframe  itself  (those 
charged  to  ground-handling  equipment,  spares,  and  training  equip¬ 
ment)  are  not  included.  Engineering  hours  expended  us  part  of  the 
tool  and  production-planning  function  are  included  with  the  cost  ele¬ 
ment  tooling;  those  expended  as  part  of  the  flight-test  planning  and 
evaluation  effort  are  included  in  the  flight-tost  cost  element.  Material, 
purchased  parts,  and  test  equipment  required  to  accomplish  the 
engineering  function  are  assumed  to  he  included  in  the  fully  burdened 
engineering  labor  rate. 

'Seo  MIIj-Bl'U-sai,  Work  Hreakduwn  Slnttluro  for  Ihfvtm'  Materkl  Jh'mn, 

■^See  AFLCP  SOO-IB,  Crmtractor  (.'owl  Data  Keporlirifi  ^iysWni, 
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T«bt«  A.l 

WBS  CATBQORIGB  INCLUDED  IN  RAND 
AIRFRAME  COST  BLBMF.NTS 


WBS  CatBgory 

Included? 

Air  vehicle 

Airframe' 

Yee 

Propulilon'’ 

No 

Avlonici'' 

No 

Armament/weepon  delivery'’ 

No 

Training 

No 

Peculiar  luppurt  equipment 

Nt, 

Syitemi  teat  and  evaluation 

Development  teit 

Yee 

Technical  evaluation 

Yea 

Operational  evaluation 

YO! 

Mookupi 

Ybi 

Teit  facllltiei 

Yee 

Other  ST&E 

Yea 

Syitim/project  management 

Yea 

Data 

Englneerlng/management  data 

Yai 

ILS  data  (tech  orderi  and  manuali) 

No 

Operatlonal/elte  activation 

No 

Common  lupport  equipment 

No 

Induitrlal  facllltiei 

No 

Initial  iparei  and  repair  parte 

No 

‘Th«  t«rm  alr/rame  rufen  to  the  nitembled 
itruoturBl  and  Btrodynimic  oomponanti  of  th« 
Bir  vehlcU  that  BUpport  Bubityttemt  euBntlal  to  a 
particular  million.  It  Includii,  for  example,  the 
bailo  itructure  (wing,  empennage,  fuielage,  and 
aiaociated  manual  flight  control  lyitem),  the  air 
induction  syatem,  itarteri,  exhauiti,  the  fuel  con¬ 
trol  lyitem,  Inlet  control  lyetem,  alighting  gear 
(tlrei,  tubei,  wheele,  brakea,  hydraulice,  etc.),  eec- 
ondary  power,  furnlehingi  (cargo,  pneaenger, 
troop,  etc.),  engine  controln,  Inatru'nenti  (flight 
navigation,  engine,  etc.),  environmental  control, 
raoki,  mount!,  and  Interiyitem  cables  and  dlitri- 
butlon  boxei,  etc.,  which  are  inherent  to  and 
Inieparable  from  the  aiiombled  ilructure, 
dynamic  lyitemi,  and  other  equipment  homo- 
geneoui  to  the  airframe.  All  effort!  directly 
related  to  proptililon,  avlonlce,  and  armament  are 
excluded. 

'’Initellation  of  the  propulilon,  avlonlce,  and 
armament  lubiyitemi  li  acounted  for  in  the  air¬ 
frame  category;  the  deeign  integrotion  effort  1h 
Included  in  eyitem/project  management;  and 
eome  teeting  li  Included  In  lyetcm  text  and 
evaluation. 


COST  KLEMENT  DEKINITIONS  ANO  DATA  Pl.OTS 
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Toolin(( 

Tooling  refers  only  to  those  tools  designed  for  use  on  a  specific  pro¬ 
gram,  i.e.,  assembly  tools,  dies,  jigs,  fixtures,  master  forms,  gauges,  han¬ 
dling  equipment,  load  bars,  work  platforms,  and  teat  and  checkout 
equipment.  General-purpose  tools  such  as  milling  machines,  presses, 
routers,  and  lathes  (except  for  the  cutting  instruments)  are  considered 
capital  equipment.  If  such  equipment  is  owned  by  the  contractor 
(much  of  it  is  government-owned),  an  allowance  for  depreciation  is 
included  in  the  overhead  account.  Tooling  hours  include  all  effort 
expended  in  tool  and  production  planning,  design,  fabrication,  assem¬ 
bly,  installation,  modification,  maintenance,  and  rework,  and  program¬ 
ming  and  preparation  of  tapes  for  numerically  controlled  machines. 
The  cost  of  the  material  used  in  the  manufacture  of  the  dies,  jigs,  fix¬ 
tures,  etc.,  is  assumed  to  be  Included  in  the  fully  burdened  tooling  labor 
rate. 

Manufacturing  Labor 

Manufacturing  labor  Is  all  the  direct  labor  necessary  to  machine, 
process,  fabricate,  and  assomble  the  mi^or  structure  of  an  aircraft  and 
to  install  purchased  parts  and  equipment,  engines,  avionics,  and  ord¬ 
nance  items,  whether  contractor-furnished  or  government-furnished. 
Manufacturing  man-hours  include  the  labor  component  of  off-site 
manufactured  assemblies  and  effort  on  those  parts  which,  because  of 
their  configuration  or  weight  characterlstion,  are  design-controlled  for 
the  basic  aircraft.  These  parts  normally  represent  significant  propor¬ 
tions  of  airframe  weight  and  of  the  manufacturing  effort  and  arc 
Included  regardless  of  their  method  of  acquisition.  Such  parts  specifi¬ 
cally  Include  actuating  hydraulic  cylinders,  radomes,  canopies,  ducts, 
passenger  and  crewseats,  and  fixed  external  tanks.  Man-hours  required 
to  fabricate  purchased  parts  und  materials  are  excluded  from  the  cost 
element.  Nonrecurring  labor  undertaken  in  support  of  engineering 
during  the  development  phase  is  included  in  the  development  support 
cost  element. 

Manufacturing  Material 

Manufacturing  material  includes  raw  und  semifabricoted  materiuls 
plus  purchased  parts  (standard  hardware  items  such  as  electricul  fit¬ 
tings,  valves,  and  hydraulic  fixtures)  used  in  the  manufacture  of  the 
airftame,  This  category  also  includes  purchased  equipment,  i.e.,  items 
such  as  motors,  generators,  batteries,  landing  gear,  air  conditioning 


COIVl'  KLKMKN'r  I)Hl''lNI'ri(>N.SAN»)  DATA  1’I.OTS 


71 


equipment,  instruments,  and  hydraulic  and  pneumatic  pumps,  whether 
procured  by  the  contractor  or  fbrnished  by  the  government.  Where 
such  equipment  is  designed  specifically  for  a  particular  aircraft,  it  is 
considered  as  subcontracted,  not  as  purchased  equipment,  and  is  there¬ 
fore  included  in  the  manufacturing  iabor  cost  element.  Nonrecurring 
material  used  in  support  of  engineering  during  the  development  phase 
is  included  in  the  development-support  cost  element. 

Development  Support 

Development  support  is  the  nonrecurring  manufacturing  effort 
undertaken  in  support  of  engineering  during  the  development  phase  of 
an  aircraft  program.  It  is  intended  to  include  the  man-hours  and 
material  required  to  produce  mockups,  models,  test  parts,  static  test 
items,  and  other  hardware  items  (excluding  complete  flight-test  air¬ 
craft)  needed  for  airframe  development, 

Flight  Tost 

Flight  test  includea  all  cost*  incurred  by  tht  contractor  in  the  con¬ 
duct  of  flight  testing  except  production  of  the  test  aircraft.  Engineer¬ 
ing  planning,  data  reduction,  manufacturing  support,  instrumentation, 
al’  other  materials,  fuel  and  oil,  pilot’s  pay,  facilities,  rentai,  and 
insurance  costs  are  included.  Flight-test  costs  incurred  by  the  Air 
Force,  Army,  or  Navy  are  excluded. 

Quality  Control 

Quality  control  refers  to  the  hours  expended  to  ensure  that 
prescribed  ntundurds  are  met.  It  includes  such  tasks  as  receiving 
inspection;  in-process  and  final  inspection  of  tools,  parts,  subassem¬ 
blies,  and  complete  assemblies;  and  reliability  testing  and  failure-report 
reviewing.  The  preparation  of  reports  relating  to  these  tasks  is  con¬ 
sidered  direct  quality-control  effort. 


Total  Program  Cost 

Total  program  coat  is  the  sum  of  the  seven  preceding  cost  elements. 
Engineering,  tooling,  niunufacturing  labor,  and  quality-control  hours 
ibi  each  aircraft  program  wen  .'onverted  to  1977  dollars  using  the  fol¬ 
lowing  industry-average  cemposite  hourly  rates: 
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Element 

Hourly 
Rate  (!|i) 

Engineering 

27.S0 

Tooling, 

26.50 

Menufacturlng  labor 

23.60 

Quality  control 

24.00 

These  composite  rates  include  direct  labor,  overhead,  general  and 
administrative  expense,  and  miscellaneous  direct  charges  (travel,  per 
diem,  etc.),  and  in  the  case  of  engineering  and  tooling,  material  costs  as 
well.  Pee  is  not  included. 


DATA  PLOTS 

Plots  of  cost  per  pound  as  a  function  of  airframe  unit  weight  are 
provided  in  Figs.  A.l  through  A.8  for  engineering,  tooling,  manufacture 
ing  labor,  manufacturing  material,  development  support,  flight  test, 
quality  control,  and  total  program  cost,  respectively.  The  F46  and 
F-18  are  not  shown  because  of  prf>prietary  restrictions. 


Natural  logarithm  of  tooling  hours  per  pound 
of  airframe  unit  weight  (CA  at  Q  =  100) 
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1.2 
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0 

0  9  10  11  12  13 

Natural  logarithm  of  alrtrame  unit  weight 

Fig.  A.2— Iboling  hours  pur  pound  as  a  function 
of  airframe  unit  weight 
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8  9  10  11  12  13 

Natural  logarithm  of  airframe  unit  weight 


Fig.  A, 3— Manufacturing  labor  hours  per  pound  as  a 
function  of  airframe  unit  weight 


Natural  logarithm  of  manufacturing  material  cost 
per  pound  of  airframe  unit  weight  (CA  at  Q  =  100] 
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Natural  logarithm  of  airframe  unit  weight 


Fig.  A.4— Manufacturing  material  cost  per  pound  as  a 
function  of  airframe  unit  weight 


Natuia]  (ogarithm  of  deyeiopment  support  cost 
per  pound  of  airframe  unit  weigitt 
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7.0 

6.6 
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8  9  10  It  12  13 

Natural  logarithm  of  airframe  unit  weight 

Pig.  A,6— Development  support  cost  per  pound  as  a 
function  of  airframe  unit  weight 
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1,0  1,6  2,0  2,6  3,0  3,6 

Natural  logarithm  ot  quantity  of  tllght-taat  aircraft 


Fig,  A, 6— Flight-test  cost  per  test  aircraft  as  a  function  of 
the  quantity  of  flight-test  aircraft 


Natural  logarithm  of  quality  control  hours 
airframe  unit  weight  (CA  at  Q  = 
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FiK,  A. 7— Quality  control  houra  pur  pound  us 
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Nature  icgarithm  of  total  program  cost  per  pound 
of  airframe  unit  weight  (CA  at  Q  =  100) 
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Fiif.  A.8— Tbtal  pro(p‘am  coat  per  pound  ua  a 
function  of  airframe  unit  weight 
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EXPLANATORY  VARIABLE  DEFINITIONS  AND 

VALUES 


SIZE 

Airframe  Unit  Weight:  Empty  weight  (in  pounds  at  Q  100)  minus 
wheels,  brakes,  tires,  and  tubes;  main  and  auxiliary  engines;  rubber  or 
nylon  fbc'i  cells;  main  and  auxiliary  starters;  propellers;  auxiliary 
pov/erplant  unit;  instruments;  batteries  and  electrical  power  supply  and 
conversion;  avionics  group;  turrets  and  power-operatod  mounts;  air 
conditioning,  anti<  icing  and  pressurization  units  and  fluids;  cameras 
and  optical  viewfinders;  trapped  fuel  and  oil. 

Empty  Weight:  The  weight  of  the  aircraft  (in  pounds)  with  no  fuel, 
ordnance,  or  crew  aboard. 

Wetted  Area;  Total  surface  area  of  aircraft  (in  square  feet), 


TECHNICAL/PERFORMANCE 

Maximum  Speed;  Maximum  speed,  in  knots,  at  any  altitude, 

Speed  Clans;  Categorical  variable  signifying  whether  maximum 
speed  is  less  than  M  0,95  (-1),  greater  than  or  equal  to  M  0.95  but  less 
than  M  1,94  (-'i);  greater  than  or  equal  to  M  1.96  but  less  than  M  2.5 
(•"3);  or  greater  than  or  equal  to  M  2.5  (“4). 

Specific  Power  (fighters  only):  The  product  of  the  maximum 
installed  sea-level  static  thrvist  and  the  maximum  vehjcity  divided  by 
the  combat  weight,  expressed  in  units  of  horsejniwer  per  pound.  The 
conversion  factor  to  go  from  pound-knots  per  pound  to  horsepower  per 
pound  is  0.00307  (1  kn  -  101,34  ft/min,  and  I  hp  -  33,000  ft-lb/min), 
Maximum  Specific.  Energy  (fighters  only):  The  maximum  value  (in 
feet)  of  the  sum  of  kinetic  and  potential  energy  the  aircraft  develops  in 
1-g  level  night  divided  by  the  combat  weight, 

Oinih  Hate:  The  maxinunn  rate  of  climb  at  sea  level  in  feet/minule. 
Maximum  Sustniried  Load  Factor  (fighters  only):  The  maximum  load 
factor  (in  g’s)  the  aircraft  can  sustain  in  level  Jlight.  at  an  ullitude  of 
25,000  ft,  at  Mat'll  O.H  at  its  combat  weight. 
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Breguet  Range  Factor  (fighters  only);  The  maximum  value  (in  nauti¬ 
cal  miles)  of  the  product  of  the  average  cruise  speed  and  lift-to-drag 
ratio  divided  by  the  specific  fUel  consumption  (the  coefficient  of  the 
logarithmic  term  of  the  Breguet  range  equation). 

Useful  Load  Fraction;  The  difference  between  maximum  gross 
weight  and  empty  weight,  divided  by  maximum  gross  weight. 

Predicted  First  Flight  Date  (fighters  only);  First  flight  date  measured 
in  months  since  January  1,  1940,  as  estimated  by  the  technology  index 
equation  for  new  designs  described  in  Sec.  I. 


CONSTRUCTION 

Design  Ultimate  Load  Factor;  The  maximum  load  factor  (in  g'a)  the 
aircraft  Is  designed  to  withstand  at  the  stress  design  weight  without 
structural  failure. 

Structural  Ffficienoy  Factor  (fighters  only);  The  structure  weight 
divided  by  the  product  of  the  stress  design  weight  and  the  design  ulti¬ 
mate  load  factor, 

Carrier  Capability  Designator;  A  categorical  variable  signifying 
whether  the  aircraft  is  carrier  capable  (-2)  or  not  (-1). 

Engine  Location  Designator;  A  categorical  variable  signifying 
whether  engines  are  embedded  in  the  fuselage  (ol)  or  located  in 
nacelles  under  the  wing  (•■2). 

Type  Designator;  A  categorical  variable  signifying  straight 
wing  (“D,  swept  wing  (-2),  delta  wing  (“3),  or  variable-sweep  wing 
(-4). 

Ratio  of  Wing  Area  to  Wetted  Area'  The  ratio  of  the  reference  area 
of  the  wing  to  the  total  surface  area  of  the  uircrnl't, 

Ratio  of  Quantity  (Empty  Weight  Minus  Airframe  Unit  Weight)  to 
Airframe  Unit  Weight;  The  empty  weight  and  airl'raino  unit  weight  as 
previously  defined. 

Ratio  of  Avionics  Weight  to  Airframe  Unit  Weight;  'I'he  ratio  of  total 
avionics-suite  weight  (inslulled)  to  airframe  unit  weight. 

Number  of  Black  Boxes;  'Pho  numher  of  identifiahle  electronicH 
items  in  communication,  navigation,  identification,  fire  control,  K('M, 
and  data  iiroccssing  functions.  See  Sec.  il  for  additional  explanation. 
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PROGRAM 

Number  of  Teat  Aircraft:  The  number  of  test  aircraft  used  in  the 
flight-test  program. 

Maximum  Toolityi  Capability."  The  maximum  monthly  tooling  rate 
for  the  program.  The  maximum  tooling  rate  is  defined  as  the  rate 
achievable  with  the  tools  that  were  on  hand,  operating  with  (1)  a  first 
shift,  (2)  a  second,  "swing"  shift,  consisting  of  a  full  complement  of 
production  workers  and  necessary  supervisory  staff,  and  (3)  a  third 
shift,  "as  required"  for  certain  production  operations  and  for  repair  and 
maintenance  of  the  tooling. 

New  Engine  Designator:  A  categorical  variable  signifying  whether 
airframe  incorporated  a  new  engine  (-2)  or  not  (-1).  See  Sec.  II  for 
additional  explanation. 

Contractor  Experience  Designator:  A  categorical  variable  signifying 
whether  the  company  that  developed  and  produced  the  subject  aircraft 
had  recent  experience  in  developing  and  producing  the  same  mission- 
type  aircraft  (-1)  or  not  (-2).  See  Sec,  II  for  additional  explanation. 

IVcapon  System  Designator  (fighters  only):  A  categorical  variable 
signifying  whether  the  aircraft  was  developed  with  emphasis  on  mis¬ 
siles  and  sophisticated  fire  control  systems  («2)  or  gun  armament  (-1). 
See  Sec.  II  for  additional  explanation. 

Program-'I'ype  Designator:  A  categorical  variable  signifying  the  type 
of  development  program,  prototype  (-2)  or  concurrent  (-1).  A  proto¬ 
type  program  is  one  in  which  the  firat  lot  consists  of  three  aircraft  or 
less.  See  Sec.  II  for  additional  explanation. 

Explanatory-variable  values  ore  presented  in  Tables  B.l,  B.2,  and 
B.3,  Primary  data  sources  were  official  Air  Force  aircraft  and  propul¬ 
sion  characteristic  summaries  and  Kefs.  17  and  24  through  30, 
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Table  B.l 

EXPLANATORY  VARIABLE  VALUES)  SIZE 
AND  TECHNICAL/PERFORMANCE 

Nlur  I'tK'liiilcnl/PfflDfiiiflni'ii 


Alrfriiiiir  Mimlimini  PrnlliliMl 


Hull 

Kin|iiv 

Wi'IIihI 

MitKhnuiH 

NtaiiliiiuiH 

('littih 

lUitlAliifd 

'ritriiHl 

llrp||tiiil 

IUpFiiI 

l-'lrtt 

W»l||ht 

WoIrIu 

Arvii 

Kptvd  H|ifoiru' 

H|ifrinc 

lUtf 

l.llAlt 

to  Waliihl 

liiliKt 

1  lOitl 

kukIk 

Alrrriifi 

(III) 

(Iht 

in'i 

ikh) 

('late 

I'llWfl 

Kiicriiy 

(IVitiliit 

Knt'tiir 

Mai  1(1 

Kni’tor 

l-'rnrt  lull 

Dflip 

A-n 

:in,iMii) 

.'i.Rni) 

ri4lt 

X 

X 

A.I)A() 

X 

X 

X 

.4HA 

X 

A  4 

Mm 

It,  14(1 

1,144 

AHA 

X 

X 

H,4()l) 

X 

X 

X 

.A1I4 

X 

A-n 

.■ia.7i4 

7, DM) 

U-li 

;i 

X 

S 

y  7.000 

X 

.s 

X 

.m 

X 

A‘H 

17.IM) 

llA.'illH 

7,1011 

.Ml) 

X 

X 

III, (KID 

X 

X 

X 

.AOO 

X 

A-7 

n.iiyi 

|l«.41»7 

1,000 

tt\)h 

X 

X 

H.AHO 

X 

X 

X 

.A7H 

X 

A-l 

li),KAii 

7,40-1 

;iKo 

X 

X 

A,  1(10 

X 

X 

X 

.AMI 

X 

\U 

\\i,m 

I77,nili 

lO,OAti 

AAl 

X 

X 

A.I'iO 

X 

X 

X 

.(HIA 

X 

\\.fi 

AA,Allil 

A,4Ml 

U47 

;l 

X 

X 

lY.Haii 

X 

X 

X 

.(lAII 

X 

H/ith  IHI 

III), 41111 

•ly.All) 

I.KVi! 

.MH 

X 

X 

A.OOO 

X 

\ 

X 

.4H7 

X 

<:-R 

mMt) 

.'iVO.oHri 

;)i),oiKi 

■m 

X 

X 

A.ICO 

X 

X 

X 

.rinn 

X 

(’•Kill 

AH.  107 

7.AIH1 

:ivn 

X 

X:i,0(>() 

X 

X 

X 

.ri:i« 

X 

Dll, Kill 

114,(100 

iK.iriii 

;io4 

X 

X 

:),4()i) 

X 

X 

X 

.(117 

X 

KdKlfi 

Tii.yMi 

ii7,o;io 

10.770 

nyv 

X 

X 

/i,(K)0 

X 

X 

X 

.1177 

X 

(M4t 

i:ii),iNMi 

14,100 

401 

X 

X 

7.77(1 

X 

X 

X 

.A7II 

X 

Kill) 

IIUIMI 

14, HOI) 

I.HIII 

470 

.4(1 

47.Y(HI 

4. 1110 

.ill) 

.yvA 

II.VAO 

.404 

1011 

Killl 

IK.rtllH 

71.77(1 

l.OOH 

llvi 

.rtU 

AH.7l)(l 

i;i,(H)0 

:i.(H) 

.-Kill 

4,1  HO 

AM 

171 

K4I) 

H.7:i7 

KMI.MI 

l.AlKI 

llilH 

l.ll 

IM.MIII 

•2(l.2(Ml 

:i..An 

.rii 

:i,Hyii 

.•rj7 

11)7 

K-4 

17, wo 

77.ft;iii 

7,1  All 

I'W.! 

:i 

yi»v> 

llti.lHKl 

1(1,(1011 

J.IH) 

.700 

4, you 

..MIH 

iW 

KU 

yil/ilMl 

;io,H'j;i 

:i,i  r*f« 

(«) 

(III 

(Hi 

(ill 

(lO 

(a) 

Oil 

(III 

la) 

aiifi 

K-U» 

I7,ftri(i 

'.•(i.vori 

y.otn 

lit) 

(ill 

(III 

(a) 

(III 

la) 

III! 

(III 

.-imi 

-IKl! 

K-KI 

II, Min 

1 4,007 

l.tlHI 

IKI 

•j 

ml 

(III 

(III 

(III 

(Ml 

(III 

,A74 

-1011 

K-IH 

l(i,;iiKi 

7i).AH:l 

(III 

lilt 

V’ 

III) 

(hi 

(111 

Ih) 

III) 

Ihl 

,4(111 

Hi) 

v-m 

(1.7HM 

111,010 

1.070 

Alio 

.117 

A1».A(XI 

v,(mo 

V  IKl 

.:i07 

4,H70 

.410 

111! 

K-Hll 

yii.H/o 

(hi 

A-IO 

.u; 

(hi 

11. Him 

V.41i 

.-IlHI 

:(,i)’m 

,114V 

lOH 

KUH) 

I'J.UK 

irt.iioo 

1..MHI 

7A2 

I.Mi 

m.HHi 

7.\TIHI 

;i.i»l) 

.007 

-loyo 

.:i7 1 

H14 

K  Ull 

KUX'i 

74.7;'o 

7,000 

h;:» 

;} 

I.HII 

V7.;(HI 

•..Ml.llOd 

•J.MI 

071 

4, AIM* 

OKI 

IHI) 

K  Illy 

rj,:iiM 

10,100 

y.iio 

omi 

1  l!> 

o.'>.;(Hi 

IH.7INI 

;l  iHi 

V.) 

.1-M 

i.'l 

KHH 

7,|MI-| 

11. AVI) 

1  ,ov» 

1  u*o 

.1 

•.!  4H 

1  ri.lHI.) 

•J  7(1 

/Ill 

1  /ilM) 

MIH 

7)7 

K  Itiri 

lll.:101 

7'l>an 

l.OOM 

m ' 

J  IIO 

IM.IHHI 

.m.oiai 

;'iai 

.'•H.'i 

'l,V(HI 

yili 

K  M«i 

‘/O.lHll 

M.M 

|H 

Od.lHHI 

.M.MKI 

.1  -.Ml 

(Ull 

•((Ill 

.iii.i 

‘.’.Oil 

1-111 

lo.r/o 

•j.riMo 

1  .‘ii'j 

.1 

1  01 

17.01*11 

•J  IHI 

IIOI 

(i.('>n 

ATI 

•,'lil 

S  .1 

IH.Mll 

•’ll/.Hl 

'.'.rrv 

l.’0 

\ 

N 

.’i.OU" 

.s 

N 

X 

I'.M 

X 

r  -ivi 

.’i.'Mi; 

/.nn 

ill) 

l.'IM 

.s 

); 

.'H  .‘.I HI 

s 

X 

IM/ 

X 

1'  .III 

VIM  F 

N  ••  S  Ill'll- ••  M•llI 

iiii 

1  l|-.[  |u( 

O'H  1 

hijltlfi  •  "Ills 

\ 

\ 

\ 

s 

X 

\ 

*(  l.l-ci  ifU'i' 

'  NmI  I|>  'UlllMr 
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Table  B.2 

EXPLANATORY  VARIABLE  VALUES:  CONSTRUCTION 


Aircraft 

DeHlffn 

intimate 

Load 

Factor 

Structuriil 

Efficiency 

Fttctur 

Currier 

Cnpahlllty 

De«lg- 

nulur 

BnKlna 

Lacatlun 

tlMlK- 

rrotnr 

Wlnii 

Type' 

Ratln  of 
Wing  Aren 
to  Wetted 
Aren 

Ratio  of 
(KVV'AUW) 
to  AUW 

Ratio  of 
Avionlci 
Weight 
to  AUW 

No.  of 
Black 
Boxee 

A-3 

ri.oo 

X 

2 

2 

2 

.2011 

.50 

.085 

8 

A-< 

iti.rio 

X 

2 

2 

,227 

.80 

,084 

5 

AS 

11,00 

X 

2 

2 

.2,37 

.39 

.110 

13 

A'B 

9,75 

X 

2 

1 

2 

,251 

.48 

.170 

23 

A'? 

10,50 

X 

2 

2 

.222 

„33 

.059 

19 

A- 111 

4.aa 

X 

2 

.205 

.34 

.041 

14 

tl'52 

a,oo 

X 

2 

2 

.240 

.58 

,070 

24 

il.lH) 

X 

1 

2 

'A 

.283 

.70 

(c) 

26 

H/RB  (Ifl 

4.An 

X 

1 

2 

2 

.178 

,40 

.092 

(c) 

C-S 

a, 75 

X 

2 

2 

.201 

.15 

.017 

27 

C-13U 

a,75 

X 

2 

1 

.230 

,34 

,085 

17 

c-i;in 

a,75 

X 

2 

\ 

.203 

.19 

.021 

16 

KC-136 

a,75 

X 

2 

2 

.225 

.38 

10 

le 

C-14t 

a,75 

s 

2 

2 

.228 

,31 

.023 

26 

Fao 

U.(H) 

,(U5« 

2 

1 

,218 

,47 

.146 

0 

Fan 

11,25 

,0372 

2 

1 

2 

.272 

,53 

.050 

6 

F41) 

9.50 

.04113 

2 

1 

11 

,371 

.84 

.215 

9 

F.4 

12,75 

.0291 

2 

1 

2 

.247 

.50 

.101 

14 

F.14 

(It) 

(li) 

2 

1 

4 

.179 

M 

.112 

21 

F.in 

11,0(1 

.0321 

2 

,230 

.53 

,095 

24 

FTO 

(c) 

,0221 

1 

1 

2 

.218 

.47 

(c) 

(c) 

F.IH 

(c) 

(c) 

2 

1 

2 

(f) 

.20 

(c) 

(0 

F-sn 

11.00 

.0328 

1 

2 

.250 

.48 

.105 

4 

F.»» 

B.50 

.0409 

1 

1 

(c) 

.32 

Ic) 

9 

F-lOU 

11.00 

.03(18 

1 

1 

2 

,255 

.51 

,015 

5 

F-lOl 

11.00 

,0240 

1 

2 

,170 

.84 

,075 

9 

F-102 

U).5» 

,0333 

1 

:i 

.305 

.58 

.154 

9 

F-104 

11,00 

,0335 

1 

2 

.182 

.45 

.076 

0 

F-itm 

la.oo 

2 

.193 

.27 

.074 

11 

F-ioe 

10, 5n 

.o:i2H 

1 

a 

.312 

.50 

.100 

11 

F-ni 

11,00 

, 01140 

4 

.203 

.30 

.081 

18 

H-a 

5.25 

X 

2 

2 

2 

.220 

.44 

,220 

33 

T-as 

11,00 

X 

1 

*2 

(f) 

(0 

7 

T-aa 

u.oo 

X 

2 

2 

(c) 

.30 

(c) 

10 

NOTt';  X  -  viiKu'n  fiillw'H'il  fur  niihtrrK  onlv. 

'1  -  Y  -  »wi'|it;  -  tlellni  ■:  -  vuriiililc  «wu|i. 

''Clanniretl. 

'Not  nvaiintilv 
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Table  B.3 

EXPLANATORY  VARIABLE  VALUESt  PROGRAM 


Aircraft 

No.  of 
Teat 
Aircraft 

Maximum 

Tooling 

Capability 

New  Engine 
Designator 

Contractor 

Experience 

Designator 

Weapon 

System 

Designator 

Program 

Type 

Designator 

A-3 

6 

8 

1 

2 

X 

2 

A-4 

9 

40 

1 

1 

X 

2 

A-6 

11 

6 

1 

2 

X 

1 

A-6 

8 

8 

2 

2 

X 

1 

A-7 

7 

24 

1 

1 

X 

1 

A-10 

8 

16 

1 

2 

X 

2 

B-62 

13 

10 

2 

1 

X 

2 

B-68 

30 

8 

2 

2 

X 

1 

B/RB-08 

14 

10 

2 

1 

X 

1 

C-6 

10 

2 

2 

1 

X 

1 

C-130 

9 

18 

2 

2 

X 

2 

C-133 

10 

2 

2 

1 

X 

1 

KC-136 

8 

16 

1 

1 

X 

A 

C-141 

Q 

9 

1 

1 

X 

1 

P3D 

13 

20 

1 

2 

1 

2 

F3H 

18 

13 

2 

1 

1 

2 

F4D 

13 

20 

2 

1 

1 

2 

F-4 

7 

15 

1 

1 

2 

1 

F-14 

12 

8 

1 

1 

2 

1 

F-16 

20 

12 

2 

1 

2 

1 

F-10 

10 

(a) 

1 

2 

2 

2 

F-IS 

13 

(a) 

2 

1 

2 

2 

F-86 

12 

30 

2 

1 

1 

2 

F-89 

6 

26 

1 

2 

1 

2 

F-lOO 

13 

60 

1 

1 

1 

2 

F-101 

17 

20 

1 

1 

1 

1 

F-102 

31 

46 

1 

2 

2 

1 

F-104 

19 

20 

2 

1 

1 

2 

F-106 

16 

17 

2 

1 

2 

1 

F-100 

26 

29 

1 

1 

2 

1 

J'-lll 

18 

21 

2 

2 

2 

1 

S-3 

8 

6 

2 

2 

X 

1 

T-38 

14 

24 

1 

2 

X 

2 

T-39 

4 

6 

2 

1 

X 

2 

NOTEi  X  “  valued  collected  for  fightere  only, 
•Not  available. 
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DAPCA-III  ESTIMATING  RELATIONSHIPS 


The  previous  set  of  RAND  airframe  CBRe  (DAPCA-tll),  docu¬ 
mented  in  Ref.  3,  is  summarized  in  Table  C.l. 


Table  C.l 

DAi''CA-ni  ESTIMATING  RELATIONSHIPS* 


Statlatica 

Eal  tmatlng  Relationahip 

R» 

SEE 

F 

N 

BNORioo  -  .0234  AUWjSJS,,  SPffl, 

.90 

.26 

26 

9" 

TOOLioo  -  .472  AUW®, 

.71 

.41 

27 

26 

LABRioo  -  .363  AUWj’JU,,  8P®, 

.86 

.34 

62 

26 

MATLioo  -  .0763  AUW(!i^,  SP®, 

.86 

.36 

67 

26 

D3  -  (.000626  AUW'®“  SP'*')' 

.53 

.72 

12 

24 

-  +(.0000364  AUWiSJ,,  SP,‘i^,)'' 

.68 

,06 

23 

24 

FT  -  .192  AUWi™,  SP(!j!a,  TESTACjli?,,  CARGODV,.,/,?? 

.81 

.44 

21 

26 

QCioq  “  .086  X  LABRioy  if  cargo 

— 

— 

— 

-  .12  X  LABR|oo  if  noncargo 

— 

— 

— 

— 

PROG, 00  -  6.22  AUW®,  SP®, 

.88 

.27 

79 

24 

‘All  coat  elamenta  eatlmatad  directly  In  dollera  have  been  converted  to  1977  levela 
by  adjuatlng  the  initial  coefficient. 

'’Poat-1967  aircraft  excluding  A-7,  KC-136,  and  T-39. 

"Labor  component  of  development  support. 

'‘Material  component  of  development  support. 
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Appendix  D 


COST-QUANTITY  SLOPES  AND  LABOR  RATES 


COST-QUANTITY  SLOPES 

Minimum,  maximum,  and  average  cost-quantity  slopes  for  the  full 
estimating  sample  are  shown  in  Table  D.l.  A  comparison  of  slopes  by 
mission  type  is  provided  in  Table  D.2.  With  two  exceptions  (the 
attack  aircraft  material  slope  and  the  fighter  quality-control  slope),  the 
slopes  show  little  deviation  about  the  full  sample  averages.  However, 
even  changes  in  slope  as  small  as  1  percentage  point  can  have  a  major 
effect  on  cost.  The  extent  of  this  effect  will  of  course  vary  with  the 
quantity  and  the  slope  magnitude,  but  for  a  run  of  700  aircraft,  a  1  per¬ 
centage  point  increase  in  the  slope  will  usually  increase  total  costs  by 
at  least  10  percent. 


Table  D.l 


CUMULATIVE  TOTAL  COST-QUANTITY  SLOPES* 
(In  percent) 


Item 

Engineering 

Hours 

Tooling 

Hours 

Mfg. 

Labor 

Houre 

Mfg, 

Material 

Cost 

(Quality 

Control 

Hours 

Total 

Program 

Cuet 

No.  of  ibiervatlons 

34 

34 

34 

34 

22 

34 

Range 

106-132 

108-168 

140-182 

140-200 

126-234 

124-144 

Average 

114 

122 

164 

172 

168 

134 

Exponent 

0.189 

0.2H7 

0.623 

0.782 

0.660 

0.422 

‘Baaed  on  ilrat 
divided  by  two. 

200  unite;  cumulative 

average  slope  -  cumulative  ( 

total  slope 

Table  D.a 

CUMULATIVE  TOTAL  COST-QUANTITY  SLOPES,  BY  MISSION  TYPE 

(In  percent) 

Sample 

Engineering 

Houra 

Tooling 

Hours 

Mfg. 

Labor 

Hours 

Mfg. 

Material 

Cost 

Quality 

Control 

Hours 

Total 

Program 

Cost 

Total  (34) 

114 

122 

164 

172 

168 

134 

Attack  (7) 

no 

122 

164 

180 

164 

134 

Bomber/Transport  (8) 

116 

116 

164 

170 

162 

136 

Fighter  (17) 

116 

124 

166 

172 

170 

132 

COST  QUANTITY  SlflPES  AND  LABOR  RATES 
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hiince  the  estimating  relationships  in  the  recommended  equation  set 
(Table  16)  are  baaed  on  a  sample  limited  to  post- 1960  aircraft,  average 
slopes  for  the  post- 1960  sample  are  also  determined  and  compared  with 
the  full  sample; 


Pull 

All-Mlialon 

Poit-ieSO  All-Mlaalon 

Sample 

Sample  (13  aircraft) 

(34  aircraft) 

Coat  Blamant 

Slope  (%) 

Slope  (%)  Exponent 

Engineering 

114 

112 

.163 

Tooling 

122 

120 

.263 

Manufacturing  labor 

154 

166 

.641 

Manufacturing  material 

172 

174 

.799 

Quality  control 

168 

166 

.641 

Total  program  coat 

134 

132 

.401 

As  indicated,  the  differences  are  slight  and  hardly  a  basis  for  drawing 
any  conclusions  about  temporal  changes.  However,  in  the  interest  of 
consistency,  the  slopes  based  on  the  post-lOGO  sample  are  suggested  for 
use  with  the  recommended  equation  set. 

Similarly,  for  the  fighter  equation  set  (Table  21),  the  slopes  based  on 
the  more  limited  po8t-1960  sample  are  also  suggested: 


Coat  Element 

Full  Fighter 
Sample 
(17  aircraft) 
Slope  (%) 

Poet-1960  Fighter 
Sample  (6  aircraft) 

Slope  (%)  Exponei\t 

Engineering 

116 

112 

.163 

Tooling 

124 

120 

.263 

Manufacturing  labor 

166 

168 

Manufacturing  material 

172 

166 

.731 

Quality  control 

170 

104 

.714 

Total  program  coat 

132 

128 

FULLY  BURDENED  LABOR  RATES 

All  cost  elements  estimated  directly  in  dollars  are  in  1977  dollars. 
Suggested  1977  fully  burdened  labor  rates  (and  those  used  to  estimate 
total  program  cost)  are: 


Englnfwrtni .  27,50 

Tooling .  25.60 

Manufacturing  labor  .  .  23.50 
Quality  control .  24.00 


BO 


AlltCUAri'  AIIU'HAMK  COH  T  IWrlMA  I'lNd  ItKl.A  I'lONSIlll’S 


For  estimateB  in  1986  dollars,  the  following  labor  rates  and  adjust¬ 
ment  factors  are  suggested; 


Engineering,  $/hT .  69.10 

Tooling,  $/hr  .  60.70 

Manufacturing  labor,  $/hr  .  .  ,  60.10 

Quality  control,  $/hr .  66.40 

Manufacturing  material  (index)  .  1.94 
Development  support  (index)  .  1.94 

Flight  teit  (index)  .  1.94 

Total  program  coal  (index)  .  .  .  2.13 


The  1986  labor  rates  are  based  on  data  provided  by  seven  contractors: 


Labor  Category 

Hourly  Ratea  ($) 

Range  About 
Average  (%) 

Average 

Range 

Engineering 

69.10 

47.70-70.00 

-19,  +18 

Tooling 

60.70 

66.60-66.00 

-7, +  7 

Mfg,  labor 

60.10 

41.70-58.00 

-17.  +16 

Quality  control 

66.40 

49,10-62.60 

-11,  +13 

Note  that  with  the  exception  of  tooling,  the  range  about  the  average 
rate  is  at  least  ±  10  percent.  This  range  could  arise  from  differences  in 
accounting  practices,  business  bases,  or  capital  investment.  Irrespec¬ 
tive  of  cause,  however,  labor-rate  variation  is  one  more  component  of  a 
larger  uncertainty  which  already  includes  the  error  associated  with  sta¬ 
tistically  derived  estimating  relationships  and  questions  about  the 
proper  cost-quantivy  slope.  Furthermore,  in  addition  to  the  intercon¬ 
tractor  differences,  these  rates  are  also  subject  to  temporal  change — 
accounting  procedures,  relative  capital/labor  ratios,  etc.  Thus,  the 
1986  fully  burdened  rate  is  qualitatively  different  from  the  1977  rate. 
Unfortunately,  trying  to  estimate  the  magnitude  of  such  quality 
changes,  even  very  crudely,  is  a  study  in  itself  and  beyond  the  scope  of 
this  analysis. 

The  material,  development  support,  and  flight-test  escalation 
indexes  are  based  on  data  provided  in  AFR  173  13.'  For  1977-1984,  the 
airframe  index  presented  in  Table  6-3  (Historical  Aircraft  Component 
Inflation  Indices)  of  AFR  173-13  was  used.  For  1986  and  1986,  the  air¬ 
craft  and  missile  procurement  index  presented  in  Table  6-2  (USAF 
Weighted  Inflation  Indices  Based  on  OSD  Raw  Inflation  and  Outlay 

'See  Ref.  36, 
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Rates)  was  used.  The  total  program  cost  adjustment  fr^'tor  v,.*8  ‘  en 
determined  on  the  basis  of  a  weighted  average  (at  Q  -  100)  ■  '.he  indi¬ 
vidual  cost  elements. 
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This  report  presents  generalized  equations 
for  estimating  the  development  and 
production  coats  of  aircraft  airframes.  It 
provides  separate  cost  estimating 
relationships  (CERs)  for  engineering, 
tooling,  manufacturing  labor,  and 
quality-control  hours?  manufacturing 
material,  development  support,  and 
flight-test  cost;  and  total  program  cost. 
The  CERs,  expressed  in  the  form  of 
exponential  equations,  were  derived  from  a 
database  consisting  of  34  military  aircraft 
with  first  flight  dates  ranging  from  1948 
to  1978.  In  addition  to  the  basic 
objective  of  developing  an  updated  set  of 
airframe  CERs,  the  study  also  examined 
three  specific  possibilities  for  Improving 
CER  accuracy;  (1)  stratifying  the  full 
estimating  sample  into  subsamples 
raprasanbing  major  d-ifferences  in  aircraft 
type?  (2)  incorporating  variables 
describing  program  structure  and  airframe 
construction  characteristics?  and  (3)  for 
the  fighter  aircraft  only,  incorporating  an 
objective  technology  index  into  the 
equations,  i, 
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